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SUMISARY .

A criticel review haes been made of available literature on
the cold rolling end primery recrystallisetion textures of f.ce.co
and be.co.c. netels and alloys, with leter reference to recent
wvork on steinless sicels,.

Using leboretory end commercial alloys & study has been nede
of factors influencing the cold rolling end primary recrystellisation
textures of stainless steels. Preferred orientations heve been
essessed by X-ray deternination of pole figures. The work is
supplcnented by other techniqgues -~ quantitative phase analyeis
of custenite and mertensite, determination of diffraction line
profiles, hardness neasurements, opticel and electron metallography,
qualitative identificetion of carbide pheses.

The high purity alloys (184Cr 10%Hi, 187Cr 12%Ni, 18%Cr 145¥i,
18%Cr 127Ni TéiCo and 187%Cr 25%Ni) were exemined with perticular
reference to the role of the martensite trensformetion in
developing primery recrystellisation textures. The first four
elloys are netastable, the amountof mertensite formed after
90-95% cold rolling increasing from ~ 5% for 185Cr 145:5i ox
18%Cr 124Fi T/Co steels to ~865 for 18%Cr 10%Hi steel, and
textures of both a(martensite end the remgining austenite are
the same for each steel. Principel components of the nartensite
texture ere {112%‘5710> and {ﬁ11§ <372>, with e ninor component

{0012‘f710>. The czustenite exhibits & normal f.c.c. glloy

type texture, {1103< 712>+ & minor {110} < 001> cpmpongnﬁ}
The 18%Cr 10%Hiisteel recrystallices %o mainly {é362< 3,2,14>
and {6,10,f}< 534> orientations with considerable spread
remaining in the region of {6,8,173< 575> (which is cloce to
f225% < 533>). The other steels rcecrystallise to & {2253< 533>
texture.

In the metesieble alloys, factors influencing developnent

of the annealing textures are the relative amounts of o end Y

/
formed by cold rolling, recovery in both phases,¥->) shear



trensformetion, varient selectivity during the transformetion
end, finally, conpetitive growth of favourably oriented nuclei.

I% is shown thet recovery occurs in both phases, its
effect being %o sharpen textures about the principal compouentse.
During the«xﬁ>xtranéformation, further texture sharpening cen
occur through preferential selection of varients of the Kurdjumnove
Sechs orientetion relationship. The texture of 185Cr 10%ﬁi steel
efter annealing for & hour at 500‘% or 600°C conforns to that
predicted by transformation from principeal x/rblling texturo
components. All groups of orientations origineting fronm {1127<110>~
end {111§< 172%/ are present in the transformed texture, but one
group of orientations from {001z<'?102/ is missing. This can
only bve sccounted for by assuning that the eight vaiiaifs :
conpricing this component do not byerate. ’

Subsequent development of the»recr&stallisetion textures
depends lergely on the amounts of « and X forned during rolling.
This is attributed to differences in density of nucledl forned
vithin the range of | cold rolling texture orientations and
within the range of orientations derived from the meartensite.
Geonetrical relatioﬁahips between the nuelei and various ranges
of metrix components are compared in terms of 0 » the angle of
misfit between <111~ poles of nucleus and matrix, and ¢5,'the
rotétion about this almost common <111~ pole, Although the
observed recrystalliéation textures are generelly considered
to result from oriented growth, it is also shown that the
transformation can provide suiteble nuclei spontaneously, so
thet nucleation cannot be considered entirely randon.

Unstebilised commercisl stcels (RF310, FST(L) end FSL(L) )
recrystallise in e similar manner tollaboratory alloye of
cquivalent netestability. Precipitation of carbides occurs
during annealing but the particles are almost conpletely
re-dissolved a%t 90000. Verietions in carbide distribution prior

to cold rolling, erising either from different compositions or



from different rates of.cooling from the solution {treatnent
tenpereture, have no significant efilect on subsequent cold rolling
end anneallng textures. . »

In contrast, carblde-stubilLBed commcrclal stcels (PGB,
SP347,TDP FIB end PhBTz) form their recrystalllsatlon textures
largely by retention of the Y cold rollzng teyture anﬁ/or retention
of the X'ucxtura 1mmed1ately after transformataon from the
martengzte. Pueh of the precipitetion which occurs durlng
anneal;ng remeins untll the end of recrystallisation. Reuentlon
of the texturcs is attrlbuted to restrmctlon of grein boundary
moblllty by'preczpltate partzcles s0 that gralns with hlgh
angle boundaries do not ‘grow in preference to others, et least
not %o the same eztent es they vwould in the ebeence of such
preczpltation. ‘

Irztlal solutmon treutment of stabmllseu steels is 1mportant,
as it controls the stebility of +the matrix prior to cold rolling.
In the netestable range, observed ezfocts of solutlon treetnent
on anneallng textures are indirect, being releted to the reletive

emounts of austenite and mertensite efter rolling.



PART I
A REVIEY OF LITERATURE

1+ Introduction.

During plestic deformotion of polycrystalline sggregetes
individual grains rotate, so that certain crystallographic
directions become aligned vith the principal directions of sirain
in the metal, The rotation tekes plece greduclly es deformetion
proceeds, and the finel orientation is approeached when certain
plencs end directions becone symmetricelly eligned with respect
to thedirection of vorking. The preferred orientation or texture
produced depends on
2) veriszbles in the neterial, such as crystal structure, metal,
solute content, second phases present, initial grein size and
initial texture, |
b) process veriables such as the strees system, zmount of defonation,
tenperature of deformetion and strein rate.

Preferred oricentetion mey be retained during anneeling end the
finel texture will be characteristic of the deformetion texture,
tenperature end tine of anneeling, rates of heating and cooling,
and annealing actmosphere.

‘Retention of e texture in polycrystelline aggregates imperts
various degrees of anisotrgpy to the physical end mechenical
propertiess Although this enisotropy is sinmiler to that found in
single crystels, there is no simple correlation with propertiecs
because of the interactions between the greins in polycrystals.

There are two common weys of defining textures in metal
shcets, pole figures or ideel oricntations. A complete description
of & texture is provided by a normal pole figure, in vhich the
threefdimensional distribution of orientations is represented on
2 tvwo-dinensional figure. This figure is similer to a s#ereographic
projection of & single crystal, but differs in thet the specimen
is now & polycrystalline aggregate, s0 that only one sct of
crystallogreaphic plences are projected but from nmeny crystels.

A prefevred orientetion thus gives rise to regions of high pole

density on the projection with a scotter sbout these principel
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orientations. It is upsual in the construction of the pole figures
%0 use the iolling planc as the basic circle and to plot the
rolliing direction at the top and bottom of the figure. An equivalent
'deSCfiption is provided by the use of two inverse pole figures.
Unliké the normel pole figure, these express the distribution

of =211 cfystallographiévplanes‘or directions with respect to sone
reference planc or direction in the sheet. Tvwo figures are
necessary to define completely the preféerred orientetion. An
alternaﬁive, but less conplete, description of & texture is to
specify one or nore discrete orientations {hki%(ﬂﬂﬂ??, vhere the
'{hklzfplanQS'are parallel t0 the rolling planc and theluvw)
directions parallel tp the rolling direction. The two types of
desériptioh'ara related in thet e pole figure could thepreticelly
be described in terms of an infinite number of such ideal
orientétions. For quanfitative analysis & numerical description
of the texture is often required, and for this g small numbexr of
idesl oricntations is usuelly cufficient, elthough cerc must be
teken in the interpretation, Apart from this, single orientaitions
are nost ﬁseful es lebels for different types of textures. lore
often than:not, the twvo descriptions are used in conjunction with
each other, end pole figures are usually labelled with é nunber
of ideal orientaiions. A | '

, A comprehensive review of texture developmcnt'ih netels and
elloye generally vas made by Dillamore end Robérts(1) in 1965.
These authors coansidered virtuelly sll date availgblé to thet dete
and gove o criticel appraisal of, inter alias, thepriec of imxzture
formetion., However, ~since then, further results and ideas have
energed and somc a5pects of their review nust now be conpidered
out ‘of dete, althouzh the work remeinc veluable as o standard
reference ond sumnmery. Also, at thet time, little work had been
done on steinless steels, the subject of this thesis. The present
reviev is conseqguently directed towards an up-to-dete sumnmary of
fexturc theories ior f£.c.ce cnd b.cece naterials, ond previous

work on stoinless cteels, being nost relevent, is prescented as o



seperate section. Texturcs developed on annegling ere considerecd
only in relation to those formed during primary recrystellisation.

2. FuC.Co Vetals and Alloys.

2.1. Rolling Textures.

Roon tenpersture rolling textures observed in f.c.c. netals
ané alloys after 90% rgduptionaare of two general types. All the
counon pure umnetals, with the exception of silver, exhibit.. a
tex¥ure vhich can be described as_{135}<1§1>, an orientetien which
represents the central region of e spread between {110g<§12> and
_@12}{771?’. Silver and f.c.c. 2lloys containing certain amounts
of solute show & texture descridbed as,{110}sf§122>,‘with g nminor
%1102<5001>'¢0mponen§.‘As the amount of solute ié increased the
§335§4<1§1? texture changes gradually to %}102"§i127j,‘but the
cxtcnt£o£ ;he trensition is dcpendent on the naturc of the colute
2=7

The texture characteristic of a particular metel or alloy

presen

ney also be modified by rzising or lowering the temperature of
rolling, for example the_§j10}<i12>,texture changes toA€123}‘<1§1>

as the rolling tenperature is raiscd(8-12)

H conversgly, rolling
below room temperaturc favours a transition from €ﬁ352‘<1§1> to
{j10}<<?12>(13'14). In either case the itemperature renge over
vhich tronsition occurs is characteristic of the particular netal
or alloye.

The eifec%s of alloying and change in temperzture are
quelitatively zdditive, in thet trensition to,§j102‘<?12>'by
elloying ney be counteractecd by a rise'in rolling tcmperature(4).

A fundemental factor governing traensition in texture ic
the decrease of stacking fault energy associeted wvith gllqying.
Snellpen and Green(15)‘studied the rclationship in copper-eluniniun
end coppere-gerneniun glloys, end Haessner(16) obgerved a similar

(15)

concluded thet the {11OZ‘<712>’texture is characteristic of any

correlation in cobalt-nickel slloys., Smallmen and Green

pure metel or alloy having & stackipg_faultVencrgy»of.about
35 ergs cm."2 or less, rolled at a teaperature below about 0:25Tnm

(To= absolute melting point)e. As the atomic misfit and valency



difference between solute and solvent increases the critical
value of stacking fault energy is reached at a progréssively
smaller addition of solute. These suthors further established
that the {j10.%<712 7 texture can be characteristic of a metal of
stacking fault energy higher than 35 ergs cm.“2 provided that it
is rolled at & temperature below about 0:2Tm. In materials of very
low stacking fault energy the texture tends to be stable at @
temperaturesup to 0<5Tm. |

2.2 Theories of Rolling Textures.

Most of the theories have adopted a single crystal approach
to explain development of polycrystalline rolling textures. These
assume that each individuel grain in the polycrystal deforms as
if it were an unconstrained single crystal, and the sequence of
rotations of a few chosen orientations is assumed to represent
the materiel as a whole. Slip, for instance, is envisaged to
take place on one or two systems only. This oversimplified picture
is far from reality, since a fundamental feature of polycrystalline
deformation is that, in order to maintain'grain boundary continuity,
each grain is deformed into a shape that is dictated by the
deformation of its neighbours. To achieve this unrestricted change
of shape of a grain requires slip to take place on at least five
slip systems. Theories which adopt the latter approach genersally
assume that the strain is homogeneously distributed so that the
strain undergone by one individual grain is the same as that
experienced by the material as & whole. A difficulty arises in
this approach, however, because the magnitude and sense of crystal
rotation is dependent on the choice of slip systems and such
theories are not generally capable of making firm, unambiguous
predictions about development of textures. Later theories adopting
the single crystal model have overcome the problem by  postulating
that multiple slip is confined either to specific grains or to
specific regions of grains i.e. the grain boundaries. An obvious
advantage of these theories is that definite predictions can be

made about the textures.






Celnan and Clevws

(1)

the grounds thet they did not explein the way in which the rost

ad criticised earlier theories on

fevoureble slip system: or systems withstood resolved shear siresses
vhich were greeter then the critical resolved shear stress, until
those on less favouratble systens reeched the critical value and
nultiple slip occured. Their approach was therefore based on the
ebsence of cracks at grein bounderies which, in genersl, requires
operation of at least five s5lip systene, and to zccount for this
they introduced the concept of an effective stress. As the applied
stress rises until it reachea'the,value at wvhich slip would occur:.
in & single crystal, the direction of effective tensile/compressive
stress is envisaged to mowe in a direction so that when resolved

on the nost fevourable system it is eslways below the critical
value, This movement thus takes the effective stress axis to
onec of threce positions, <1107 <1117 or<100> , where there are,
respectively, four, six, or eight systems aveilable fozr nultiple
slip. Howecver, for these orientations, symmnetry of slip systene
would not ellow roitation of the grain reletive to the applied
stress axis. They then ecssumed that development of prefiered
orientation night be confined to surfece grains, which are relative;y
unconstreined, and other grdins,for vhich large consitireints would
be necessary to prevent single or duplex slip. Thus the development
of texture wes accounted for by applyiﬁg 2 single crystel treatment,
and for rolling textures they assumed the end orientations to

be those which nutuelly satisfy the sinultancous requirenents

of tension and compression axes. I'or f.c.c. crystalg,.Calnan

and Clews predictcd a spread fron .{1102<"!’127 to {311g<7“&‘:27
together with the orientations {ﬁ10§-<1117 and {110§<(0017 .

Since their analyeis was bascd solely on primery and conjugate

slip rotations, it could not account for differences within the
range of f.c.c. rolling textures. However, the concept which

they introduced and their nethod of sccounting for multiple slip
represent en inportant contribution in the history E??%ﬂ%ories.

Current theories regerding the developnent of alloy and



pure netal textures ere due nmeinly to Vass ermann(18),NHaeasner(19),

(15)

Smallmen and Green “sy &nd Dillamore and Roberts(zo).

(18)

the pure metal texture, which he described as- two 11m1ted fibvre-

Vessermann essuned that all meteals tend first to forn
textures centred on the orientations ‘{}10§"<112> and {5.2}< 11i> .
Hie ‘showed that mechanical twinning would transform'ﬂaterial_in
{j12}<1§?1> orientation to {255¢<511> , which subsequently
rotated, by elip processes, to {ﬂ10§<'001> « It was arguea that
the strain accomyanyzng twinning of the {j101<’112> conponent
is less compatible with the overall required strain thanlthat
assdeclated with twinning of the;§ﬁ122“?71> component.vainning
merely limits the spread about the ﬁﬂ?o}-<712> orientation. This
theory is in agreenent with the observation thet netels of low
stecking feult energy ney deform by mechanical twinning(21).
A deficit is its feilure to account satisfactorily for the node .
of formation of the pure metal texture.

(19)

aid formation of the {110%<712> texture and would cause formetion

Tleessner elso coneidered thet nechenical iwirnning would
of a {1102< 001> component. Fis theory assumes thet the {1103 <7112>
texture is the end point of "nornal" glip rotatioys (i.e. primary
aend duplex slip). He attributed the pure netal teiture to the
onset of non-octehedral slip, and for the case of nixed proportions
of'cubic slinv and ocizhedral sliﬁ he suggested the rangé of |
orientations {110§< 712> -{1;5§< 211> - {312§-<111> to explain
heve also proposod cubic slip

(22,23),
(19)

to account for developnment of the pure metal texture. Haessner

the tcxture. Other workers

ex@lained the dependence of cubic s8lip on stecking fault energy
by pointing out thet the wider the seperation of the partial
diélocations, the less likely will it be possible forx diélocationa
dissociated in a {111} plene to lie on-'a {100% plene.

The theories described so far have 2ll assuuned that the



final texture in rolling will be a combination of the end
orientations for sinple tension and c¢mpression._A better epproxe
ination to the stress system during rolling wes that adopted

(20)

~ they determined the slip systems that vould operate under combined

by_ﬁillamore end Roberts » Using a biaxiai stress anelysis,
sttééses. A;fufther‘refinegent_in their thqé?y,was to essune
'thatvthe %ezturés are develgped as a,conseguchqe of défoimétion

on two_ﬁain‘syatems,_yith multiple slip'#ainiaining;graiﬁ_bounda:y
continuity but not”contiibuting signifigéﬁtly{to,texture;develop-
'ment; The besis for this was experimental evidence ﬁhich shows
that multzple slip starts at grain boundarles end then spreads

. into the body of the grazns( 4). Dzllanore and Roberte(_ )determlned
' the end point'of.rotaticns,for 2ll possible initial grazn
orientations and found that nost orientéfions rotete to {110}
<112> , although.some move initially towards.{j1oz<ooi> . They
pointed put.that the alloy texture could therefore be completely
explained solély on.the basis of primery end duplex slip, without

(16) (18)

Smallmun and Green( 5)and Dillamore end Robcrts( )attributed

1nvok1ng twinning, &5 suggested by Heessner and Vessernann
formetion of the alloy texture to primary and conjugate slip
procesées, and considered the subsequent,rotétiop to the pure
netal texture to be ceused by the onset ofvcross~siip.tA‘reason-
gble enmount 6£lcrosséslip was said to‘produce:akfinai fextu:a_
of the form {135§<§?1> or {ﬂ46§<§?1> » and a very 1arge amoqnt
of cross;slip, such as that found in aluminiun, wes said to ceuee
rotatiqh %6 the téxturé {j12?<?71>. Dependence of cfoss-slip on
.stécking fauld energi clecrly indicatcs correlation of texture
end stacking.fault cnergy. The tenperature dependencq of thé
texture waélexplained on the besis of thernal activétion\ofy
Cro5s=slipe. , . |
| 'Haegsner(16)had previously dismissed the'possibiiity of
‘Lfcross-elip as & fector cohtibutory to £exture developnent, on
‘.the giounds that the internal stresges present during rodling

"
are generally greater then \iII s the stress essocieted with
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stege III work hardening in single crystals, so that cross-slip

should elways be possible during rolling of polycrystalline metals,

(20)

grounds. that. the amount of cross-slip reguired to contribute

Dillgnore and Roberts dmsagreedwith this hypothesis, on the
significantly to texture developrent would be relatively lerge
and would thergfore correspond to higher stresses than those
required to initiate cross-slip. However, since cubic slip is
geonetrically equivaelent to equel proportions of prinary and
cross-slip, it eppecared at this stege that the textures observed
could equelly well be expleined by the theory of Heessner or
that of Dillemore and Roberts. The 1attei presented experimental
evidence in the ‘forn of {111}-pole figures of super-purity
aluniniun and eilver. These, they claimed, showed that whereas

"~ in silver texture development was solely towards»{j10§~<?12>>,
 in sluninium developnent was initially towerds {?10%5’712> but
later towards %112%‘<7?1>. However, the evidence in the pole
figures waes questioneble and their deductions were rot entirely

satisfactory.

The situation has been renedied by HWSAIEF results fron

.Hu et’ al.( 5)an& Butler and Creen( 2 For e series of copper-
- eluninium e2lloys the pole figures of Butler and Green(zé)shcveﬁ.
guite’ conv1nczngly,.that both metels and alloys tend first towerds
the pure netel texture, but with increesing reduction the alloys
deviate towerds {110%-{112>.,The lower the stacking feault energy,
the lover was the % reduction at which this change occurred, &
finéing wvhich is consistent with_fhe,depcndence of twinning on
stecking fault energy. They concluded thet both metols and elloys,
irrespective of stecking feult energy, first undergo primary
end duplex clip, followed by cross-slip, to develop & pure netal
texture, but that zat higher reductions the alloy texture is
formed due to twinning.

A basioc difficulty in eccounting for multiple slip in
theories of texture formetion has been the inebility, in general,

to define precisely the systems which are regquired to operate.
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L crystel of arbitrary orientation may uchleve eny dimposed shepe
chenge by shear on five independent slip systcr ( 7)y but, as
"shown by BluhOP Hlll(za). for cubic crystals the five systems

are to be chosen from sets of clther szz or elght, and the |
nagnitude and sense of crystal rotatlon is dcpenaent on the choice
of systemss If all six or eight systems operate there 15 no
rotetion of the crystal. Further. consxderatlon of the nroblem

(29)

by Dillamore, Butler and GreenA- has shovn that for cvystals

heving <110> or <111> transverse directions only four systems

 vare necessary to proa uce the shepe change 1mposed by rolllng.
Obvzously, under snch condztlons there is no embiguity in the
ch01ce of systems or in the relatlve activity on these systeus.
They plotted d9/dE a8 the in stantaneous iate of rotation in
redians per unit natural longitudinal strain (Figures 1 end 2).

In figure 1 aP/aE is plotted for orientations héving e {i1é]
trensverse direction, A positive value of d9/dE inﬁicates‘that

. the rotation is such as to increase(, while negative dﬁVdE
.decreases 0. & stavle orientation is shown by zerd d@/dE end o
negétive slopc of the curve of a0/aE vso D y while & metestable
orientetion has zero ab/dE and a positive slope. Thus, for f.c.c.
crystals having a [?1Q] transvorsevdiréétion the stable orientetions
sre (110)[001] end 874 rron (112)[T71)oxr ~(4,4,11) (11,13,8].
Figure 2 shows ihat,for fecsc. crystals having a 111] trensverse
direction the stable orientations arc both of the type {1102‘112>’
Rotatlons predactcd fron these grephs were in good agreement

(30)

Dilleanore, Butler and Green( 9), like that of Vessermann

The analysis of

(18),

predicts that the initial stages of texture developuent should

wlthlexperlmental resulte of Hu and Cline

elways be towards a pure metalntexture, since orientations heving
<110> and <111> transverse directions rotete equally repidly
towards the cstable posiﬁions. ‘

A recsonzble explenation now scems to be aveilable for
cxperinentally observed differences in texture intensities, i.c.

e significantly greater volumec of material is associated with
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the main components of the pure netal texture, where cxtensive
cross=-slip is available,_than,in the alloy texture. Also, alunine
ium, which can crosseslip more casily than say copper, exhibitis

'an even nmore well develope&,ﬁéxture. Although crosgs-slip does

not affect the rotation,of orientations having & <110> or<111>
trensverse direction, for erbitrary orientatipns it cen be important.

(31)

the von lises condition requiring five indépendent slip systemns

Groves and EKelly inﬂicated thaet when cross-slip‘occurs freely
is mocdified so that an arbitrary strain can be inposed if the
crystal has three non-coplanar, non-perpendicular slip directions.
Under these conditions, Chin and Hammel(gz)have shown that there
is no embiguity in'choice of shears thus giving e unique sense

(29)

thet the net rete of rotation will be more rapid for a unigque

of rotaetion, Dillamore,Butler and Green have then assumed
sense-of-rotation,andexplein the obscrved differences in intensity
~ on thie besis,

- An impgrtant feature of the f.c.c. alloy texture, not
previously nentioned, and vhich most theories have tended to
disregard, is the spread of ninor orientations which includes a
neasurable density of {111} planes_parallg% t; the rolling plane.
25

Both Dillamore end Roberts(1)gnd,nu et al, have suggested

stacking-feult formetion as the ceuse of this. Extensive faulting
parellel to §111%vp1anes_vould cause deformetion to be confined to
.the,{111} planes which are fault planes. In any grainsthe siress
systen initieslly favours faulting on one plane only, giving one
slip plene with three independent slip systenms per grain, 4 {j11}
texture will result from deformation in such a menner. Although

formation of stacking-feults is o prercquisite of any mechanistic

o’ 29)

rodel of twin nucleation, Dillenore, Butler end Green spggested

that it cennot in itself lecad to the drastic reorientation required

to produce a §j11§ component. Also, as indiceted by figure 1,

normel slip rotations ceuse ropid depletion of components of G}

the type {1112 <112~ and thi?'i§ confirred by experimental results& )
33

However, Heye and Wessermann heve shown thet in silver single



crystels & complex sequence of twinning, together with reversed
shear, carries orientations having & <1102 trensverse direction
to & variety of orientations 1nclud1ng {111}-<112> This seems
the nost 11kely explanation of the origin of this component.

The evidence to date now gives a fairly conclusive picture
of the origin of f.c.c, rolling teétures, i.e. the obvious features
cf texture transition ere the result of mechanical itwinning,
while other differences within the range of textures are attributable
to differenges in ease of cross-slip. The ahalysis of rotations
undier cross-slip yet needs to be refined in order 10 explein
why the end orientetion should be‘%{4,4,11§-<11 11 87 rather
than {112g<111>

2.5 Primary Recrystaliisation Toxiures

Deformation textures are a major factor in deternining
the nature of primary recrystallisation textures, but since cszerent
textures may be forned during various steges of annealing, relevant
experinental obscrvetions are fewer than those relating to rolling
textures, Howvever, an attempt will be made to discuss results
in general terms. _ N ‘

A rolling texture of the type §3352-<1§13’usua11y recryst-
allices to the cube texture {1004 <001> . This effect has been

reported in conper(34 -36) (77’3 ), nickel(Bg)
(36,40)

» aluminium and nickele

iron alloys The ebundance of the cube texture depends

on the annealing conditions &nd production variables, dbut %o

obtain it e pronounced rolling texture is generally required. ‘
In copper, after prior deformations of up to 50%, the recrystallis-
ation texture is almost random; after 90% deformatior the anneeling
texture resembles the deformetion texture, and greater degrees

of deformation"produce e texture consisting of the cube orientation
end ite twins(34-36). Fine grein in the starting raterial end

2 high annealing temperature tend to give & nore perfect cube

texture and to lower the density of twinning. For eluminium of
99.99¢, purity the recrysteallisation textures are essentially

the sanre 28 those of copper, but in eluminium it is more difficult



to produce entirely cube texturc(37’38).
of alloying

The effectis related to its effect on the deformation
texture, but {the amnount of solutbte necessary completely to suppress
cube texture is considerebly less then that necded to czuse
trensition to the alloy rolling texﬁure(z’B)' In 70/50 brass(ae)
and in silver(§1)rolled to 96% reduction at room temperature,
the annegling texture is edaquately described by the indicec
{225}-<7§4> or near {1?3%~<§?1>. In copper-zinc alloyg(se)the
{?25%-<7§4> component originates as %?14}< §§3> in a 3% szinc
allpy end with increasing zinc content it increases in integsity:
at 6% zinc it rotates to“{§27%<7553> end at 10% zinc %o «{ABB%
<3§4§42).(0ther ninor components sccompany this trenscition),.
Sinilar annealing texture transitions occur in alloys of copper

(43), (2),

The annealing textures of

with aluniniunm tin end germeniunm and in nickel alloys

conteining molybdenun ox cobalt(39).
alloys of copper with phosphorus, arsenic and antimony (elements
which are particularly e¢ffective in suppressing cube texture)

ere conpletely differents the major orientetions are %227%~<77Z>
and couponents related to {110%‘<?12> by e rotation about <110>(2’5)

(1)

which indicate that, in the absense of second phase effects,

There are vearious resulis from single crystal studies

the geonetrical relationship hetveen the deformed end recrystal-
lised grains is & rotation of+ $30-40" about common <111> poles.
However, such roitations usually occur prefercntially about certein
<111> directions rather that the full set of <111> axeo.

2.4 Theories of Priuary Recrystellisation Texturcs.

Theoretical interpretetions of recrystallisation textures
in metals and alloys are not so widely appliceble as those
regerding deformation textures. In the past there have been two
nain, opposing theories of +the mechanisms involved, nanmely,
oriented nucleation end oriented growth.

Burgers and Louwerse(44)suggested that the new grains grow
fron smell regions of certein orientetions which are already

prevent in the deforned matrix., The orientation of the recrysitellised

I



grains is therefore dctermined by that of the original nuclei.
However, in order %o cxplain why recrystallisstion textures are
usuelly different from the rolling textures assunptions ere
necessarys=

a) that the oriented nuclei are too small to be detécted when

the rolling texture is determined,

b) thet these nuclei are oriented more favourably for recrystall-
ication than those in the greater part of the matrix,

¢) that after polygonisation has taken place within these nuclei,
the polygonised nuclel are capable of groﬁth.

" Although thisc approach is caepable of explaining certein observetions,
such as retention of tﬁe rolling texture in cluminium, it is not
widely eaccepted, lMoreover, in copper having a normel pure nmetal
texture, electron nicroscope examination has shown thet the individ-
uel crystal orientations describe: completely the texture of the

(45)

bulk matericl, but no cvidence wes found of cube-oriented grains.
RFucleation theories can asccount only for annealing textures of
which the component orientetions are represented in fhe deforpation
texture or are related to deformation components by comparatively
slight rotetions.

Barreté46)and Beck(47)

suggested thet recrystallisation
textures arec determined by the préferential grovth of nuclei
having certain orientations. It is supposed thet initially nuclel
of varying orientations are formed but, since the rate of growth
of & given nucleus dependis on the difference of orientation between
the nmetrix end the growving crystal, the nuclei heving the fastest
rates of growth will be those which are bounded by high angle
bounderies, These nuclei, which give rise to the recrystallisatidn
texture, will have orientations differing from the original by

a2 rotation of epproximately 45 cbout e <111> axis. This theory

is well supported by the fact thet recrystellisation textures

of many netels end alloys ere related to the deformation textures

(48)

by simple rotetional reletionships. Also, Lucke has shoun

the orientetion relationship for neximun growth rate to be 40°



<111> rotations for the case of aluminium.

A gencrel criticism of the oriented growth theory hes been
that the growih relationship ie not suificiently precise to account
for the well defined recrystallisetion textures which are obtained.
Howvever, Dillamore(43)has shown that in view of the restrictions
on the growth of a nucleus to fornm part of the rceccrystallisetion
texture, tie site &t vhich nuclestion occurs, and the range of
orientations through vhich the nucleus nust grow, the sharpness
of the recrystellissation texture nay bé due to the bonflicting
conditions of growth into & multicomponent matrix. In his analysis
of the reletionship between deformetion textures and snnealing
textures in f.c.c. metals it was suggested that the most probable
sites for nucleation were grain boundarics end deformation band
boundaries, end it was considered that the major components of
the anneeling texture erise from nuclei which zre capeble of
growth,(a)into the oricntetions on either side of the boundary,
(v)through the spreed of these orientations, and (c)into the
renaining two of the four synmetricel components of the deformation
textures He described the deformation texture using a number
of ideal orientations between the limits .511(}% <7112 > and {112§<‘ﬁ1>
and assumed that & nucleus would be favoured for growth if it
has & <111> pole within 10°of a <111> pole of the matrix and
if the rotation about this pole is between 20 end 50°. For &
defqrmatioghtextu:e close %o {j102-<512> favourable nuclei are
: {#a9-172“335>,{490%"001> and {ﬁ12}-<?10>. However, the cxistence
of a wminor §?10%<'001> conponent in the deformetion texture acts
to inhibit growth of 5\4903 < 001> end {112§< 110> nuclei, with
the result that & spread eround {%,9,17%-{58§>~emerges as the
texture, This orientation is close to {ﬁ133~<§?1>. Deformetion
textures between {?1OZ‘<?12> ¢5°and {?55% <271> yield no nucleus
orientations suitable for growth into all four componcnis of
the deformation texture. There areba linit#ed range of nucleil
vhich cen grow into only three components, and these are expected

t0 compete with nuclei which can grow into only {wo components



but also into & wide spread ebout these components. A rether

less well defined, diffuse anneeling texture is expected. For
defprmation textures in the cpread between {135-9<§51> andl%236}
<?34¥, three fevourable nuclei are considered. 0f these {358%
<§35>is'capable of growth only into three conmponents of the
netrix. The other nuclei, {ﬁ1OZ'<0015’and €i00§-<001>, are equally
capable of growth into all four components of the deformation
texture, but the nisfit of {ﬁ10§w<001> is considerably grecter
than that of {1001 <001>, co that the latter is expected to
Gominate the annealing texture. A nmaterial which undergoes &

- very lerge emount of crosseslip during’rolling was expecte&;to
give o texturec vwhose centre of sprecd lies between {256%"734>
and {112‘Z<7?1>. In this range there are no nuclei favoured for
grovth‘ihto three or four components, and orientetions heving
extensive permitted growth ranges are expected to form the major
annecling conponents. These care typified by %4,5,10;§<‘f§, §,1O77
{551\§<7,?,10> end {4,4,11§-<775>; The predictions were in good
egreenent with results obtained for aluninium, copper and sone
copper=-aluniriun a2lloys,; but it must be stressed that the gluminium
was of comnercial quality.

Another criticism of the oriented growth theoxry has been
the absence of some variants of the growth relationship. This
argunent cannot be applied to polycrystalline textures, and
preferential selcction of variants in single crystals is clearly

et al.(49-51);

possible from the work of Beck who showed +that
greain bounderies inedge orientation have higher mobility than
those in screw orientation.

Although the oriented growth theory is pore widely applicable
in accounting for the textures observed, oriented nuclestion
ig still & possible mechanism of formation of annealing textures.
liore generally, when oriented nucleation does occur, there will

(52-54

be further selection from the nuclei during competitive growth'’
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2.5 Effect _of Second Pheses on Recrystellisation Textures.

Recrystallisation textures, being dependent on nucleation
and grein growth, mey in some cases be controlled by the presence
of second phese particles.

In-aluminium the relative proportions of cube texture end
retained rolling texture are markedly dependenﬁldn processing
verigbles and also on the purity of the metal. It is generally
agreed th&t,irpn‘is_the inpurity element which has greatest effect
on annealing textures, but opinions differ as to the mechanisn

(55)

by which it acts. Bunk end Esslinger suggested thet iron
stricts recrystellisation to & cube texture by its effect on

the rolling texture, but observetions by Blaae() )1nu1cate *aht

small ecuounts of iron do not cffect the rolling texture. A nore

likely explanation is that growth of the cube texture is restricted

(56-58)
(59)

by precipitated particles

. Gokyu, 4Abe and Veyaue observed that recrystellisation
‘textures in sluminium-copper alloys were Gependent on the solution
treetment prior to cold rolling, but that the ralling‘ﬁeﬁtures
rencined unaffected. Specinens which had not been solution treated
recrystallised to €1OOZ<=OO1> and {113% <)32>, whercas solution )

0¥ <ooi> and
treated specimens recrystallised to( 11OZ-<110> These aifferences
were ettributed to the distribution of the precipitate during
primery recrystallisation:and the suppression of rendon nucleation
around precipitated particles. B |
liee and Sinclair(éo)found thet during'the cold rolling

of nickele2] vol.?% thoria orieniations of the type gpk1?<001>,
end in particularl{51oz'<001>, originating from the starting
texture, were metastadble, and that’thé degree of cold work required
for their degeneration wes a function of the initiel milling
end febrication conditions. Heavy cold rolling produced a f.cCeCo
pure metal type of texture. In the rocfystallisation texture o
range of conponents wves oﬁserved; including {1003~<001> end its
twin orientetion $122%< 212>, {210} < 721>,{3592< 501> and {445¢

<12,7 47 v the exact nature of the texture was dependent on the



particular alloy and on the degrece of deformation. In en slloy

in which the rolling texture after,91% reduction wes maeinly
{1102'(0017 + {§002-<001>, annealing for 1 hour at 70903 produced
a week cube component and major orientations near {35925‘301>

and §445§'<12,4,7>, Annealing at 1400C causcd & decrease in the
production of cube component, accompenied by strengthening of
other conponents. This alloy possessed & banded structure of
thoria particles. In other alloys, in wvhich there was no bending,
the rolling texture at 93% reduction was described in terms of
corponents near {430%‘(3,4,10’ and{BQOZ"OO1>, the former & normal
fececs r0lling texiure. After annealing at 1000°C the  textures
conteined varying proportions of (100?<f001>, {122?<'§?2>~and
{2102'<121> components. It was‘suggested that the {2102'<?21?
corponent could be the result of second-order twinning, or,
elternatively, thet the particulaer size spectrum and dispersion
of thoria perticles obtained in these elloys haé impeded the
nucleation end growth of cube-oriented greins.

3 BaCeCo lletals and Alloyse.

3«1 Rolling Textures.

Taking & comprehensive vievw of the range of b.c.c, netzls
end alloys for which deate is available, the rolliing textures of
polycrystals have fregquently been described as the orienteation
{0013-’?10> lying at the centre of the textural spread, with the
remainder of the texture allotted to spread around {ﬁ122‘<?10>,
2}11g-<i107>and {ﬁ11§}<?§2>. Zowovery the basis for this description
has been the results of, inter: alia, Barrettand Levenson(61)
who found that single crystuls of iron which developed these (
orientations scemed to be stable after heavy deformations. However,
the §j12g'<i10>'component is alveys present in the texture but
the {111z<17?2>and'%}11%;<710> couponents have been reported

(1

{1112<'1'1o‘> in describing pert of the texture is not completely

only in- certain cases « Phe tendency of some workers to usc

justified, since the largest angle used to describe the spread

about {0012< 310> only just includes %112<710? A preferred
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description of the texture is in terus of the three major
corponents, $112¢<710>, {001} < 110> and {1112<112> wvith spresd
towards & minod {111§< 110> component. '

o Further results obtained ueing single crystals'have enphase
ised the importance of amount of deformotion in distinguishing
between stable and uetestable orientations, andé in relation'to
polycrystallvne textures developed using >80% reduction the {111?
<772% orientstion can no longer be considered truly stable\since
&t higher reductions the texture may deviate fron this orientation.

(62),

This'is_well‘illustrated by the results of Hu~and‘011ne for
en iron-2jeluminiun single crysital of initial origntation $111%
'<7112>, which rotated tov:ards’\f{3522 <773> during & 705 reduction.
‘Thiz is equivalent to taking e crystal of different orientation
and deforming it to (say) 90% reduction to form the {3?125<?723>
orientation, and then superimposing en additional T% reduction
- to give an overall reduction of 97%. An important impiication
| here is that during the cold-rolling of pdlycrystals, experinental
conditione might preclude such high reductions being obtained,
and that consequently {5112 <772> will remein as an inportant
compbnent of the texture. '

- DeveXopment of the polycrystalline texture is largely by ( )

Qevelopment and subsequent breaking up of the {ﬂ122-<110>'component

Fe .2 Pheories of Rolling Textures.

The situation with regard to theofetical'interpretation
of b.cec. rolling textures still leaves sonme doubt &s to 2
complete cxplanation of their developuent.

For b.c.c, 1etals, Celnan and Clews(17)£ound thet the end
orientations were litile effected by the choice of type of slip
gystem i.ce. whether_§§10-§<?11>, {112}'5371> or {ﬁ232'<?71>.
Tlanjor components of the texture wvere predicted as {j11§-<?10>'
and (901 }<ﬁ10>, but these orientations alone are not in accord
with observed textures.

Dillamore and Roberts(zo)assumed the operative slip systens

to be §ﬁ10‘z<?11> on the basis that the other two types of slip
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are geonetrically cquivalent to different proportions of primary

and cross-slip on(§10§-<?11> systemc. They concluded that under

the influence of primary and conjugate slip.most of the naterial
will rotate to orientations of the type {112§-<T10>, and that
CIOSSeBIiP would stert after this oriéntation had been reeched,

end would cazuse rotation of {901}'towards the rolling plane.

Equal emounts of primary end cross-slip woulddproduce en {0012

' <710> ¢nd orientetion. The predicted texture wes thus {112¢<710>

+ {001Z'<?10>“as najor components, with a spread between then.

To back up‘their theory Dillamore and Roberts shoved pole figures

of 95% cold-rclled vanadium, which weré described by their predictions.
‘The .{111¥ <710> orientation correspcnded to regions of low intensity,

16%63)

It appears thet . the {}11§‘<710> conponent used by some

a common obgervation for b.c.c, metals

wvorkers to describe part of the texture has no great significancc.
The intensity of {§f13‘<?72>, on the other hand, is strong when
it occurs, leaving no doubt as to its importance in describing
particular textures, However, neither of the ebove theories cen

(Ga)suggested

~account for iis presence. In & leter paper, Dillanore
that it occured as a result of initial texture, and he proposed
the followings

&) fron a random orientation, & texture initially conprising
wainly i112§-<510>»with‘a ninor {OO1§"?10>4component would form,
With increasing deformation the intensity of-(001} <710> would
increase at the expense of that of {112%<710>.

b) from an initial {1102<001> or {1117 <7172> texture, the final

texture would contain also {111%<710> and {111§'<7?2>.
(65)

lowever, Hencock and Roberts‘ “/, using inverse pole figures,
reported an important {1113 conpoment fxrom materiel initielly
having en almost rendom orientation. This throws considerable
doubt on Dillamores hypothesis, as does the total strain analysis
of Dillemore, Butler and Green(gs), wvhich was elso applied %o
b.c.cs crystels. (Figures 1 and 2) Thus, Figure 1 predicis. stable

orientaetions corresponding to (001) Ej10] and 5‘14 from (?71)[}12}



or ~(11,11,8) [4,4,11], vhile Figure 2 predicts orientetions
both of the type {112 3<710>. A theory. is yet required which
caen account for this orientation near {1112"??2>.

Finally, from the previous discuséion‘onvthéories of fececCo
rolling textures, twinning nmight be expected to pley sone role
in defining the finegl be.c.c. texture. Ho theory io date hes
attempted to eccount for this,

33 Primery Recrystellisation Textures

Becauvse there are no mejor differences between the rolling
textures of b.c.cs metals and alloys, it is t0 be expected that
thedir recrystellisation texturcs shduldvfollow & sinilaer trend.
This, in fact, occurs zlthough the number and relative amounts
of the textural components depend to & large.extent on tenperature.
Also, irpurities can exert o significent effect on annealing
textures. Indeed, conflicting resulta ney well arise from this
inportant but often overlocked.varisble, and in view of this
only & selection of résults.will~be referred to in this section.

(66)

that for rolling reductions uvp to 73% a high carbon (0-052%) .

Using 2657 silicon-iron, Steblein and Holler cbserved
veriety of the meteriel pgave a texture sinmiler to the rolling
texture for all annealing temperatures <1100 %. For 2 lowver cerbon
(0-611%)variety, the tefuire began to change sbtove 800 C to-%}102
<001>. For 92 rolling reduction there was negligible difference
between the two gredcs. At 500 C the texture showed e {111§<172>
conponent which was said not to be yresentviﬁvthe rolling texture,

and &t higher temperatures, up to 1000f0. thiquomponent becanme

. N 6
stronger. Sinilar effeccts have been noted by Koh-and»Dunn( 7)
8
and by Feessner an&‘Weik(é ).
In tantalum, wiih & deformation texture consisting mainly o

of the {001% <710, {112¢<710> and {111 <112> orientations,

both Eﬁller(69)ana Pugh end Hibbard(7o)report”that recrystallication
was to e texture similar to the rolling texture but without the
L(71)

{1117 <772> component. With %tungsten, Pug found 2 slight

sharpening of the rclling texture but no change of crientations



for tcmperatures up %o 1800°C, vhich corresponded to complete
softening.

Since the polycrystaelline textures inveriably contein three
main components, it is difficult Yo deduce rotational relationships
between the defofred and recrystallised greins, Results of single
crystal studies are particularly relevant here, 1:ore so because
it ic poosible to discuse the resulis in genecral terms., For
instence, the usual observetion is thet the recrystalliseation
textures in bec.c. single crystels contain conponents derived
from the deformed crystal by rotations of beitween 25°and 50°

(72-78)

around conmmon <1102 poles o Hot all the variants of this
relationship are found, however, aud in particular, a single
crysial having a (111) E77%J defornation texture recrystallises
s0 (110) [00i3(72’74’76)~

There are sdme recryctellised orientetions which are related
to the deformed matrix by rotations about <100% poles. These
- rotations wepe observed for crystals having a (100) (p11]deformation
texture, which gave rise, on ennealing, to components with-{100}
parallcl to the rolling plane(72’74’79’80’81)Abe et al‘(81)have
suggested that this texture may really be & result of secondary
recrystallisation since in all cases the annecaling was carried
out at relatively high temperstures, while lower tecuperatures
gave the <110” rotetional relationships.

(82)

binery alloy zdditions on the annealing téxtures of high purity

Evane, Bitcon aund Hughes considered the effect of some
iron. Rolling textures remeined unaflfected and were of the type
{1123 <710> + {0012 <T10> + {111¢~<772>, but the subsequent
recrystallisafion textures alter 5S5hrs at 700°C cnabled the alloys
to be divided into two groups. After 709 reduction the purc iron
recrystallised to strong componenis unear {1112“7725 and_{j11?<?10>
together with a {ﬁ00§‘<001> component of lower iuntensity. After

90% reduction the %}11}‘<?72> component wes considerebly stronger.
The spread towards §ﬁ11§~<?10> remained, but a {100}-<012>component

was now present. Iron-50 titanium showed similar textures but
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after 705 reducFion ihe {ﬁ11%‘<772"component clearly domineted
the texture, with,{111%*?7107’and {300%‘5001> &5 minor components,
After 90% roduction elso, the {1113< 772> conposent was of higher
intensity, vith .{111%"710> and {100%"0125 as minor conponents.
Other alloys, which were assuned on the basis of plastic anisotropy
neasurenents to exhibit sinilar behaviour, were those containing
0+02% carbon, 0-1% carbon and 0-05) phosphorus. By contrast the
pole figures of iron-0+6% aluninium end iron=0+5% mangenese were
seid to be typical of a group vhich included alloys containing
1:0% menganese, 1+0% nickel, 1-:0% chromium, 025 copper amd 1°0%
copper. A rimming steel and mild steel vwere also included in

this group. The recrystallisation texture of iron-0'6% aluniniun
efter 59% reduction consisted of {110}~ 001> end {100} < 001>
components of equal intensity, with a very weak {ﬁ11%'<7;2>
conponent. After 79% reduction, the <001 > fibre texture wes more
corplete, with .{110}<‘001> near the centre of the spread, and

the {111%<‘7725 component was how ruch stronger. For 90% reduction
the texture wes quite diffuse by comparison with the previous
alloys. The mein components were {j11z<<7?2> end {100?< 001>,

part of which was rotated around the sheet normal and tilted

vout of the plane of the sheet towards §?152*<??0>2 Iron=0-5% |
nangenese behaved slightly differently. Affer 9075 reduction,
$1102<001> and {100} < 001> were present together with {1113<710>
and %j1f}-<7?2>.75ummarising this work, the differences were
largely in the much higher intensities of §ﬂ11} components for

the first group of alloys. The authors noted that these alloys
would have é strong tcndency for segregation either of interstitial
elements oxr phosphorus to dislocations or for substitutional
elements to foru very fine cerbonitride particles, wherees the
second group of alloys were either simple substitutionel additions
or ones that interact less strongly with interstitial impurities

and thus tend to stey in solution.
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504 Ihecorices of Primary Recrystallisation Textures.

Theories of rccrystallisation textures of f.c.c. nateriels

have similarly been applied to L.c.ce. materials. In recent years
the respective roles 6f oriented nuclecation and oriented growtb
have been recognised as complementary rather than opposing.

The observed wymtational relationships between defoprmed and
recrysteallised greins are well supportied by the results of Lucke(48),
who shovwed that for iron-3% silicon the orientation relationship
for maxirum growth rate is a,27°<110>_rptation.

Dillamore(§4)has put forward a purely geometrical anelysis
based .on oriented growth relationships td derive ennealing tature
orientations in be.ca.c. metalslfrOm,their deforunation textures.
This anelysis is siniler to that carried out for f.c.c. metals(43)
end likewise considers probable nucleation sites for regiystallie-
etion and the texturel limitetions on grains gréwing into e deformed
natrix. It was assumed that two different deformation textures
could be obieined according to the condition of the sterting
naterial, although this hypothesis nov scems doubtful. (Section 3.2)
However, this does not.invalidate the recrystallisastion thecozy
as such, but the recsults implied by the anelysis will obviously
relate to the choice of orientetions defining the deform&tionb
texture. Dillamores analysis was besed on <110 rotations whicﬁ
sinulteneously satisfy the growth relationship between growing
grain and two components of the deformed matriz, and & range of
20 0 696w&s pernitted. For material initially haviné the {ﬁ?Q'}

<310> -{OO12{<710> texture sprcad, recrystallisstion is envisaged
to coumnmence as corpetition between the orientations {1112'<7105’
and {554%<335> (vhich is close to {1113<772>). Initially {111}
.<110> is said to have an sdvantege because of its greater probabe
ility of nucleation and its capacity for growth through the
inmediate orientation spread about its parent orientations,
wvherees {554Z~<§§5>-is eble to grow into a greeter part of the
deformaetion texture i.ec. if,is fevourably oriented for growth into

both of the §§122-<?10> defornation texture components cnd the
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{901§'<?10> conponent. For a}deformation texture coasisting of
the orientations <112%<710>, 001¢<710>,{111¥<710> and {111}
<172>, the {111%<710> and {5542 <235> nuclei are inhibited by
$1113<710> ana {1113 <772> conponents of the deforustion texture,
and the only orientation which is favoured'by en ebility to grow
into. components other than those in vwhich it forms is {ﬁo, 8,7-}
<1355, - - |
-Dillamore(64)further pointed out that in the early stages
‘of redérysteliisation the texture cousisting of-{112§‘5§10>'and
£0012< 710> orientations will also contain {1113 <110> and {554 }
<225>as recrystallisation components, so that a2t this stage it
approximates to his second type of deformation texture. LKuclei
fornmed at boundaries betwcen (112) [1?0]‘and‘(11§) (1907 actually
include a small proportion of {10,8,7Z<n3§>-ana these will be
-favoured for growth into {111%<7T10> oriented recrystallised
"grains, On this basis, high annealing tenperatures or long annealing
tines at low temperatures were cxpected to give rise tb’similar
recrystellisation textures from the two types of deformation
texture.

(64)

Dillanore suggested that the nucleation frequency of
orientations having <110> directions parallel to the rolling
direction is high, since all grain boundaries between orientations
in the spread about this €110” direction are capable of nucleating
such 6riehtations._?herefore, at lov tenperetures and for short
annealing times, i.e. when the growth rate is low, nucleatian
probability will dominate formation of the texture. Thus, the low
tenperature, short-time annealing texture of b.c.c. netels was
expected to consist of o{hhlg< 170> components with {1115 <170
predominating. On the other hand, when the growth rate becomes
dominant, orientetions of lower nucleation frequency, but capable -
of repid growth into e lerge volume fraction of meterial, would

be the mein components of the recrystallisatipn texture. These
were predicted as {554WS<§§5> and {10,8,7}'? 135>,

Thie aftempt at rétionalisation of ennealing textures in



b.c.c. materials was well founded since both predictions agreed
reasonably well with quoted experimental results, which included
those of previous workers# However, it is possible that oriented
nucleation could also be responsible in part for these recrystall-
isation textures, especially if one recognises that -fl115<112~*

is a major component of the rolling texture, and that a small
amount of is inevitably present as part of the textural
spread* Hence, <112* could become a major component of the
recrystallisation texture simply by recrystallisation in situ,
while -71111< 110* grains can grow from the -fl127< 110>--fo01* < 110*
spread by oriented growth* That is not to say, however, that there
are two separate processes operating, rather that the initial
capacity for growth of *£111 <110 * is greater than that of -\1111
<112*, whereas in the later stages of recrystallisation the growth
rates may tend to equalise. This proposal may be compared with a
re-interpretation of the experimental results of Biilaiaore, Smith
and Watson{83)* Their pole figure of 70£ cold-rolled iron was
described in terms of four orientations, 7112 (< 110>, X00ls* <110%*,
-~111 +< 112* and *{111f <110*, but the latter clearly corresponded
to regions of low intensity. After annealing for 15mins at 700°C,
the peaks were centred on ®111" <112> and "111" < 110 * orientations
of equal intensity.

The work of Dillamore, Smith and Watsonx83)was directed
towards distinguishing between the possible mechanisms from electron
microscope observations* However, 1in thel!discrepancy in their
interpretation of major orientations in the rolling texture has
already been pointed out, and, in addition, in discussing development
of the annealing texture they appear to have ignored completely
the major component centred on "111 <<112*# Apart from this, they
concluded that oriented grain boundary nucleation was responsible
for retention of some -"001 \< T1O * componant in the annealing
texture, although the importance which they attached to this seems

an oversight in view of the fact that *£001"" <110 > corresponded to

an area of very low intensity on the pole figure*



5»5 LEffect of Sccond Phases on Recrystallisetion Textures

‘ Leslie(84)has coupared textures in iron with those of en
iron=0-8% copper alloy. Rolling textures renzined unaltered, end
there wes no effect on the anneeling texture, providing the copper
was precipitated before cold rolling, If, however, rolling was
carried'put afﬁer solution treatment, and the copper wes then
preciyitated (3hrs at 500°C) followed by annealing (5hrs at 700°C),
the texture was of the type {001¢< 710> + {112% <T10> + {111{<§72>
vhile the texture of iron after this treainment conteined & much
stronger {}11%<‘772> conponent. This effect was attiibuted'to
& raising of the recrystallisation temperature by the presence‘
of the precipitatéan |

The effect of eluminium nitride on recr&étéllisétion'textures
in iron end steels has received considerable attention due to
the conmercial use of aluminium in the manufacture altminium-
killed steels, There is still some doubt, however, as to wvhether
or not & true precipitate is involved. _‘

Stickels(as) exanined the recrystallisation behaviour of
iron conteining aluminium end nitrogen. He showed thaet if AlN
vas precipitéted before rolling the recrystallisation textures
were similer to those observed in ealuniniume-free iron, and
consisted of a strong §111-€‘<7T2> conponent with a ninor {111?‘
<310 > conponent. On the other hand, if the material wes super-
saturated with respect to precipitetion of AlN, a {j11§-<?10$
prirary recrystallisetion texture developed over a certain intervel
of isothermal anncaling temperatures., This was always acconpsanied
by a spread towards {111% <112> end {0012<?10>. Lowering the
degree of supersaturation depressed the tempercture intervel
in which & §311%'<310"texture developed.

Dillemore, Smith and Watspn(85)have conpared the recrystale
lisetion textures of zcluminiumekilled and rimning steel using
texture parasneters. They considered two treatments, either
anneeling directly for 15mins at 700°C, or an additionel prdeeting
for 24hrs et 450°C. The intensity of {111} conponent was markedly
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increcsed in the cluniniun-killed stcel by the low temperature
treatnent before annealing et 700°G, wvhile in the rinning steel

the 4&11; conponent weas slightly wveskened.They gave an interpre=-
tation of the role of AlN bascd on the selective suppression _
of nuclei of certein orientetions. It was considered thaet prcecipite
etion et grein boundaries would prevent grain boundary nucleation
end reduce the intensity of {OO1}‘<?10> conponent, while segregation
t0 subgrain houndaries would inhibit the final steges of recovery.
In this way normal subgrein growth is prevented and, since
subscguent growth is proportional to the aveilable driving force,
orientations close to ${111% <710% should be favoured. Although
(110§'<?107'provi&es the highest driving force for growth, it

wes noted that there is only a smell amount of material in this
orientetion and its growih range is limited. This explanetion

does not consider the §h11}‘<q§2>‘component of the recrystallisation
texture.When precipitation of AlL occurs after nucleation, it

(86)

heve shown that such precipitetion occurs in the new grain boundaries

cannot be effective in %$his way. In fact, Borchers end Xin

slowing down their motion end weakening the texture by renoving
the orientation-selective effects of the anisoiropy of the

driving force.,



4o Austenitic Stainless Stcels.

In eny material sheet textures have a direct bearing on
periormence in operetions which involve stretch forming and deep
drawiﬁg. Choice of textures in annealed ctock can aciuelly leced
to improvement in behaviour provided that the crystallographic
directionality resulting from the texture matches the stress systen
wvhich is epplied during forming. It is with this in mind that
attention is now focussed on stainless steels, which, until relsatively
recent times had received little thought. Indeed, as yet there is
little or no published work on the ferritic alloys but since, in
generel, most b.c.c. netels end alloys have siniler textures, it
is expected that ferritic steinless steels will conform to the
general pattern of behaviour. Current intereost lies in the sustenitic
steelsy, and the variebles which may be used to control cold rolling
and primary recfyatallisation textures in these ailoysr

4.3 Stable Alloys.

Alloyed zustienitics remain stable provided that the IEd teup-
erature Hhs b%hﬂb‘the tenpereture of vorking. Ior the purpose of
classifying steels into stable or metastable alloys, en arbitrary,
‘but practical, definitéon will be adopted whereby an austenite
will be classed as stable at room tenperature if no martensite
is formed in it after cold rolling to 907, reduction.

Both rolling and annealing textures conform to %the general
beheviour of fe.ce.c. metals and alloys, with stacking fault energy
‘beiﬁg e controlling factor,

4.3.1 Rolling Textures,

For 18%Cr stecls, complete stability at room temperature

(87) (87)

occurs for nickel contents >™14% « Dickson and Green hzave
shown that an 18{Cr 14%Hi steel cxhibitc & normal {110%<<?12> type
of textures stecels of the 25%Cr 205Ni variety chould slso exhibit
this type of texture. Austenites having higher stecking fault
energies, approaching thet of copper,should exhibit the purc metal
type of texture when rolled at room temperature, but there are

no results to confirm this.
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(11)

transition a8 & function of rolling temperature. Using en 18%Cr

Goodman and Hu confirmed the existence of a texture

10%1i steel,  they showed thet the rolling texture changed gradually
from {1103 <712> o {1103<712> + {1122 <771> type as the temp-
ereture wes xaised'fron_200°¢ to 800”0.

4¢1.,2 Primery Recrystellisation Textures.

In high purity elloys the {110%"112’ texture produceL by

(87)

The transition in annealing texturcs has been followed in

cold rolling ot room tenperature recrystallises to {115}‘ 211>

_18 2Cr 1094 steel( ). Anneeling at 900 c, of strip rolled at e
200-600; to 90% reduction, produces oricntetions near {1137< 332% ,
;{ﬁ12sz594> and{3232~<111> s while strip rolled at 800 °c exhibits
preaonlnantly cube tex tture, together wzth{122}‘<212> twins end &
ninor component near {530z'<001> .

4.2 Hetoastable Alloye.

These alloys ere netasteble in the sense that working prog-
ressivély raiseé the Ls until it reaches the. temperaturc of working.
When this occurs, the gtraln-lnduceu }{'>°< trensfornation takes
place during pelling, wilh subsequent formation of & duplex:

bosporotrss  texture ..
4«21 Rolling Textures.

Gooduan end Hu( 8), using 18% Cr 10511 steel, observed thet
after 90% reduction crystellites of euch phase hed assunmed their
norna} end orientations. The austenite developed a typical f.c.c.
alloy texture, viz.é@10§*‘?12> + & ninor {j102-<001> conponent,
nhereas the texture of the martensite consisted of a spread between
the nain orzentatzons {1112‘ 172> 4+ {ﬁ12}< 110>end a spread towerds
e ninor {0012< 710> couponent., The amount of nartensite was estinmcted
from pole figure intensities, &s 70-80%, but no details were given
as to how this estimation had been cerried out.

The ebove textures have been confirmed in work reported by
Dickson and Grcen(87). In this cese, phase eneslysis was cearricd
out by an Xe-ray method described by DicLson( 9), vhich extends

the normel direct comparison method to account for preferred



(87)

formed after 937 reduction waes*86%, ~33¢%, and~45 for 18iCr steels

orientetion. The results showed thgt‘the enount of nertensite
containing, respectively, 10%, 12/ and 14%Fi. In ailvcases the

texture of the esustenite remained unchanged. The martensite texture

of 18%Cr 10/ :i steel ﬁas sinilar to that reported by Goodman and

Hu, but in the 18%Cr 12%Ni steel only the {1113< 1722,/ ana {112% <3102/
conponents were observed. Fo texture was reporteﬁvfdr the martensite

in 18Y'Cr 145Ni steel., Dickson end Green(BT)attribnted ebsence of

the {CO1Z'§710> component in 18%Cr 129 Ni steel to delayed development
of the b.c.cs texture.

It is interesting to compare relative intensities of martensite.
conponents in stainless steels with the intensities normally '
observed in b.c.c. metals and elloys. The {p01§-<?10> comnponent
which normally dominates the texturc is reduced to secondary
impodbtance in the q/texture. This difference arises because the
nertensite in steinless steels is formed graduallys prior ﬁeform#tion
of the eustensite, involving development of its own texture, will
influence subsequent grain rotations in the transforned martensite.

4.2.2 Primery Recrystallisation Textures.

Goodnan and_Hu,(ea)using 185%°Cr 10%Fi steel, found that annealing
for 1 hr, at 600 C increased the intensity of the {110}<:i12>q'
conponent, with appearance of a new orient&tion,'V{230§< 321>y ,
and that sinultaneously the intensity of the martensite textue.
decreased. At higher annéaling tenperatures this new orientation
disaﬁpeared, leaving 2 {ﬁ10§< ?12>5'recrystallisation texture.
These sauthors concluded that the tranafqrmation ofd%ﬁ’was by growth
of crystallites of retained sustenite, But they expleined the
presence of the orientation near {230}< 5§1>by steting that it
could be related, by & Kurdjumov-Sachs relationship, to the {ﬁ11}
<??22;’component of the rolling texture end was therefore derived

fron §?11z<:??22;/by a reverse maritensite transformetion.



It seens pnlmkely, however, that only one component of the martensite
rolling texture should transform‘to eustenite by & reverse mertensite
process. : '
LA somewhet alffercnt apneallng nroéeus occured in the 18%Cr
10%Hi steel examined by Dnckson and Green( 7>. After %hr at 500 °c
new orzentatxons appeared in the austenlte,'1{230%<<921> ana'¢{112}
<711>. The remalnaer of the texture consisted of & spread between
-@10%-<112> and {510%-<001> The texture was essentially the sane
after:ghr_gt 600 Cy but afte;kﬁh: et 700 C the irtensity of1{510§
<?12>@gpd??{230%<'§§1%comppnents hed increased and & further
compoi;ent appeared,‘\{ZBO%" 3,':2,13> At 800 °C the intensity of this
orientetion 1ncreased, at the expense of the‘1{110§<‘112> conponent.
After #hr at 900 °C or 1hr at 1000°C, the texture could be described
by two distributions of orientations, one being ngar,{?}OZ* 3§1>
and contaznlng {430}< 40’ the other near {5302 3,5,15> and
conteining {4}0}< 001>. Dickson and Green( 7) concluded fhat,formation
of the anneeling texture consisted of reverse traensformation of
511 orientations in the martensite rolling texture, followed by
recrystallisetion in the austenite eccording %o an oriented growth
pPTocess.

45 Effect of Second Phases on Recrystallisation Textures.

Wzth respect to rolling temperatures in the renge 600-800°C,
rhen the pure metal rolllng te?ture is formed, Gooduan and Hu(ae)
founa that an 1mportant consideration was the dlstrlbutzoh of
carbide phaues, vhich precipitate in the temperature range 500-800 °c,
After rqllmng et 600°C, trensition was almost as couplete as in
cpecimens rolled at 800°C, buf on annealing &t 900éC cube_texture

vas forﬁed only in the stripvwhich had been rolled at the higher
tempereture, Rolling et 600?0 produced & fine dispersion of carbides,
visible only by electiron nicroscopy, whereas rolling et 800°C

ceuse extensive precipitetion of large particles which were optically
visible, It was concluded thet the finely dispersed cerbides had

impeded the growth of cube~oriented grains.



PART II
A STUDY OF FACTORS INFLUENCING THE COLD ROLLING AIiD

PRIVARY RECRYSTALLISATION TEXTURES OF AUSTEHITIC

STAINLESS STEELS.

1. Introduction.

Previous results obtained for stainless steels still leave
some doubt concerning development of textures in metestaeble alloys.
For instance, the {111} <172>+ {12}~ 710> nertensite rolling
texture reported by Dickson end Green(87) for 18%Cr 12%lUi steel
hes not been confirmed, and it is not absolutely clear why the

{001Z-<710> component should be nissing. If this observation wes
significant, other changes night be expected to occur as the austenite
stebility is increased, Eut previously it was not possible to
deternine the toexture of martensite in 18%Cr 14%Hi steel. Also,
recrystellisation fromithe duplex rolling texture of metasiable
alldys is complicated by occurrence of the reverse martensite
reaction. The process has not been analysed in detail and there

(87)

renains disegreenent bhetween the results of Dickson and Green

(08)

" One of the aims of the present work wes to resolve the &bove

and those of Goodmen and Hu

problens by re-examining the c¢old rolling and prinary recrystallisation
textures of high purity alloys. The experimentel technique which
has been used achieved much better resolution of diffracted rediation
than was obtained previously, so that textures could be determined
vhen as little as ~5% of a thase wee present., Particular attention
wes given to the role of the martensite transformation and the
overall development of primery recrystallisation textiures.

A second aim of the experinmental work was toAcompare textures
of the high purity steels with those of sone conmercial alloys,
which included cerbide-stabilised verieties. Because of the higher .
cerbon levels of commercial alloys in generel, and the presence
of TbC.- = end TiC in stebilised steels, austenite stability as
e function of composition can vary according to the type of heat
treatnent prior to cold rolling. Furthermorc, norphology of

undissolved carbides will be influenced by rate of cooling fron
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the solution treatrent tempereturc i.c. annealing would azllow
fornation of some intergrenuler carbide phases which could zffect
subsequent recrystallisation behaviour, whereas quenching would
tend to suppress this effect. To allow for these chéuges,‘two
extremes of both solution treatuent temperature ané rate of cooling
vere studied as varisbles. The role of niobiun, titanium and.
molybdenum in stabilised steels was analysed by couperison with
unstabilised alleys;,

Finally, the effect of increcsing temperaturé of rolling is
well established(11), but there has been no work carried out on
the effect of sub-zero rolling, which would decreese austenite
stability end night alter development of the martensite rolling
-texture. This veriable has been studied using selected alloys only.
2, Yaterials.

Cornpositions of steels used are given in Tables 1 and 2.
The 18/10, 18/12 and 18/14 elloys were.supplied in the form of
%in.'forged slabs which had been ennealed for 1 hour at 1050°C.
Other laboretory alloys, 18/12/Co and 18/25, were supplied as hot
rolled Zin. strip. The coumerciel elloys were all received as zin,
strip in the hot rolled, softened and descaled condition.
3. Pickling.

‘To maintain & clean surface the 1aboratory‘alloys were first
pickled in & boiling solution of 5% nitric acid/BO% hydrochloric
acid/éB% vater, During subsequent processing of all alloys pickling

was cerried out alfter every heat treaiment.

4, Prelininary Treatments,.

Some preliminary treatments were carried out to minipise
%he presence of initiel texture. For the 18/10, 18/12 and 18/14
elloys these consisted of cold rolling }30% followed by annealing
for 1 houi et 1050°C, the‘sequénce being repeated down to a thickness
of 0°2in. The other steels were annesled for 1 hour at 1050°C and

cold rolled to 0°2in.



5« Experinental Techniques.

5.1. Rolling and Anneeling.

For the laboratory elloys and unstabilised conmercial stcels

the following initial heat treatnents werc used g-

(a) 1 hour at 1050°C, furnece cooled.

(b) 1 hour at 1050°C, water qucnched. \

Addi;ional treatments used for the carbide~stebilised steels were t-
(¢) 15 minutes et 1300°C, furnace cooled,

(a) 15 minutes at 1300°C, water quenched.

Sanples of 18/10, 18/12 end 18/14 steels were cold rolled Ho
95¢% reduction, with the meteriel being reversed end-to-cnd between
pesses and oil 1ubrication to nininise surfece friction.

The 95% reduction was achieved with difficulty, by repeéteély
pessing small pieces (2in)long) of 90% reduced nelerial. For &
strict definition of roon temperature rolling, intermititent cooling
of the strip was applied as necessary. During the rolling, specinens
vere cut from ezch strip efter reductions given by logg taﬁt¥§ a
nultiple of 0-5, where %, and %, represent, respectively, initiel -
and finel thicknesses. Specimens of 90% and 95% cold rollgd strip
were anncaled for 5 hour at temperatures in the range 500-90000.

The other alloys were cold rolled %o 90% reduction, and
anneeled as above.

Selected elloys (18/10 end FCB)were rolled at approximately
-196‘%. This was achieved by cooliﬁg the strip in liquid nitrogen
efter every 6 passes up to 30% reduction, then efter every 2 pesses
between 30% end 70%%, and then after every single pass up to 90%
reduction., The nateriel wes reversed end-to-euné ac before but no

lubricetion wee used. Specimens vere annealed as above.
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5¢2+ Determination of Texture Parancters.

Samples having the initial heet treatments (defined in 5.1)
were mechined on one side only to & thickness of 0-°15in., followed
by grinding end etching for one minute in boiling 5% nitric acid/
305 hydrochloric ecid/65% water. To define these effective statting
coﬂ&itions, texture parameters were calculeted from neesurenents
obtained using e Philips X-rey generator and vertical diffrectometer,
Definition and significance of these parameters together with
experimentél deteils ere discussed in the Apﬁendix.

5¢%« Determnination of Pole Figures.

Quantitative pole figures were determinéd by the Schulz X=rey
refhﬁ%ion'me%hod using a'Siemens X-ray genereator and texture
gonionneter. ‘

The Sienmens gonioneter is e two-éiréle instrument which uses
counter techniques for Xeray detcction. The prihcipal features
may be séen in Figures 3(z) end 3(b). The primery X-ray beanm passes
tﬁroughuthe aperture collinmating slit system (1)and the horizontal
slit (2) before irradiating the specimen (3) which is mounted on
a rotatibn assenbly (4) at the centre of the 1argé verticel ring (5).
‘When the vertical ring (5) is set &t the eppropriate Bragg angle,e ’
to the primery Xeray bean, §he diffractiéd. beam passes through the
counter tube collimating slits (6) and into the counter tube (7),
which is set ot an angle 2 O%to the primery beam. The diffracted
radiation’received by the counter is derivéd solely fromn those
lattice planes whose,normals‘bisect the angle between incident
and diffracted beans.

The whole rotetion asseubly (4) is shuttled to end fro a
distance of 15mm. once e&ery second and,.with each shuttle action,
& ratchet mechanism (8) iotates the specimen 1° about the normel
to its surfece. Thus & complete rotation of the specimen takes
place in 6 ninutes. At the éame time, the vertical ring which
carries the specimen rotation assenbly is rotated by a second
ratchet assembiy (9) about the normul through the centre of the

ring. The resultaent tilt of the specimen is usually 5°in 6 minutes.
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4s a result of the shuttling of the specimen, an arce approxinately
15un. square can be irradiated, thus reduci&ng the chance of &
nonérepresentétive seléction of crystals being examinedg'Thé
rotetion and SimultaneouS‘tilting of the specinen is such that
the normals to the reflecting planes can be plotted on a spiral
path on & pole figure. ‘ » |
As the angle of tilt increases up to 50° the changé in absorption
of the Xe~ray bean is exactly cancelled by‘a'chaﬁge iﬁ the volune
of diffracting materiel i.e. no correction is réguifed.for ihfensity
values up %to 50° fron the centre of the pole figure, In.practice,
the slight loss of intensity between 50° ané 70°is so small that
it can be-neéiécied;Abut,above 70° serious defocussing of the Bragg
réflection'occurs;'As o consequence, the peripheral regions of the
polé figure cannot be détermined‘withthe‘same accuracy.. Hdwevér,'
 By allowing for the theoreticsal éeorease in intensity(go),‘
reasonable eccuracy can be obteained in.the rangéy70-856 fron the
‘rolling plene normal. Providing the neasupements in thia region
are not used for comparison, they serve & useful purpose}in
conpleting the definition of texture.
{?00} pole figures of the cold roiling and annealing textures
‘were obtained using HOKN radi&tion nonitored by a acintillation
counter;'Specimcn'preparafion involved grinding end etching to’a
‘ sectioh‘apyroximately midvay between surface and centre of the strip. -
The intensity contours on all pole figures havé‘been labelled
in nultiples of the randon level corresponding to & speciﬁén with
"randomly oriented grein structure. To thain this intervél,_it
is necessery to neasure both the zero and randon loﬁelé of difffacted
rediation. Zero level was assessed as the average of backgréun&
. levels obtained by offsctting the counter tube arm on cither side
of the 20 position. The rendom level was checked by +two methbds,
by'usingkas”randoﬁ'specimens those hawming the initial heat trectnents,
and 5y totel integraetion of diffrécted intensity over thébwhole

area of the pole figure essuning the decrcase after 70° to be lineer,
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Reproducibility of both zero and random levels was to within‘t 5%
so that the accurecy of intensity contours is approximetely ! 105,

To provide supplementary information on textural changes
during ennealing, intensities of individual components heve been
assessed from point measurements taken from pole figure deta. Such
neasurenents must always be used with caution because the intensity
et any point on a pole figure is a function of an effectively
infinite number of individual crystel orientations. However, by
cereful choice of the pole positions of given orientations in a
particular texture, reliable seni-quantitative neasurements can
be obtained which are at least proportional to the relative intensities
of distributions centred on the orientations in question. Intensities
of the following orientations have been assessed from neasurements
at positions indicated by I@ﬁ+§), where ¥ is the angle from the :

rolling plane normel and fis the rotation about the rolling piane

nornel.

Component Intensity lieasurenent
1123 <T10> 2XI(35° 490
{1113 < 7720 2 X I(55%)
{0013 < 710> I1(5)
{110¢ < T12> 2 X I(45° 4 55)
£110% < 001> I(45 + 96)
{2301 <3,2,14> 4 X I(55° 4+75)
{6,8,178< 575> 4°X I(65 + 40)
{6510,1} < 531> 4 X I(60' + 15)
{2253 < 533> 2 X 150)

5.4 Phace Analysis of Austenite and llartensite.

Phase analysis of the cold rolled end annceled spéc;mene
was cerried out using the Philips X-rey generstor and vertical
diffrectomneter. Theory of the method and exenmples of calculations

are given in the Appendix,
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5¢5 Deternination of Diffraction Line Profiles,

Laettice re-arrangement during the early stages of annealing
vaes studied from line profiles of selected Brapgg reflections. The
diffractometer wes used, with & very slow scanning speed of %oper
ninute,

5.6 Vickers Herdness lieasurenents.

Vickers hardness measurenents were nade on the cold rolled
and annealed specimens.

5.7 Opticel and Electron letellography.

Selected samples only were exanined,

Opticel netellogrephy was carried out using the Vickers
projection microscope. Specimen preparation involved polishing
to)u.followed by electrolytic etching in 10% oxelic acid at 2-4 volts
using the specimen as anode and & steinless steel cathode.

Electron metallogrephy was carried out using the Jeol 6GA
electron nicroscope. Specimens of rolled end ennealed sheet were
thinned to 0-°010in. in boiling 30% hydrochloric acid/5% nitric ecid/
65% weter, and then ground %o grade 600 silicon carbide paper.

Discs 3mﬂ. in diemeter were punched out and chemicel thinning and
polishing was done using & Polaron instrument. Thinning wes cerried
out in 25¢%perchloric acid/75%methanol at 17 volts with & jet of
clectrolyte impinging on one side only to produce & dished shape.

This was repeated for the other side. Subsequent polishing wvas

done in a seperate cell using 10%perchloric acid/90%methenol at

5 volts until a hole was just visible. The region near the perforation
wes exeanined in trensmission.

5.8 Identification of Carbide Extracts.

This was intcended as & confirmetory exomination of the cerbide
phases which occur in thesé¢ steels rather than & detailed
investigation of the effect of solution treatment end recrystallisation
annealing, One sample only from selected alloys was oxemined. The
phases were extracted electrolytically in 5% hydrochloric acid/QSfﬁ
2

water using & current density of &~ 0:25 amps.in.” Quelitaetive

identication was mede fromn diffractometer patterns,



6. Results.

6.1 Cold Rolling and Annealing Textures.

Gete1 Laboratdgy Alloys.

Table 3 lists the texture parameters measured after prelimin-
ary rolling and anneeling treatments. Deviaetions from the random
level (=1) are marginal. These results show that each steel had
an essentielly rendom grain orientation prior to cold rolling,
so that subsequent influence of initisl texture as a veriable cen
be dismissed.

Figure 4 shows the progress of nartensite formation duriﬁg
rolling of 18/10, 18/12 and 18/14 alloys. Each steel shows first
en M"incubetion yériod" during which the ¥s is raised to room
temperature, Meximum amount of martensite is formed by ~90%
reductions further rolling to 95% reduction should therefore merely
sherpen the texture about the principal orientations. Measured
intensities were actually slightly higher after 95% reduction but
the difference was marginal, being only of the same order as
differences between the full range of lagboretory and commercial
alloys after 90% reduction.

{2003 pole figures are shown for the 18/10, 18/12 and 18/14
steels after 954 cold rolling. Because of exﬁerimental difficulties
in achieving this reduction, other alloys have been examined d&fter
90% reduction only.

18%Cr 10%Ni steel

Figures 5 and 6 show the {2005 pole figures of 16%Cr 10fNi
steel after 95% cold rolling. The o texture (Figure 5) really
consists of two fibre components, i.e. 2 <111> fibre component
normel to the rolling plaﬁe and an incomplete <110> fibre texture
parallel to the rolling direction. In terms of ideal orientations,
the principel componente are {112§<f7102/ and {111?*57722/. There
is also spread towards & ninor {001§<1510>g/component. The austenite
exhibits e normal f.c.c. alloy type of texture, viz {110?*1712> +
e minor {110}< 001> conponent. (Figure 6)



‘Physicel changes teking plece within the martensite during
enneeling ere indicated by Tigures 7 and 8. Figure 7 comparecs the
relative intencities of principel «” texture conponents. These
neasurenents have been mede using identicel instrument settings,
s0 that they are & function not only of texturel changes but elso
of the enount of martensite present. The %o¢'curve has been superimposed
to denonstrete this effect. The essential fcecature of Figure 7 is
the increese in intensity of zll componcnts after & hour at 50000,
when the amount of mertensite has ectuelly decreased slightly.

This can only be related to the onset of recovery, ceusing sharpening
of the o texture. Further evidence of recovery within the martensite
'is provided by figure 8, which shows profiles of the 200«/
reflection. These curves were also obtained with identicel instrument
settings, s0 that the gencrel decrease in line intensity resulis
fromthe decreasing amounf of martoensite, A srilking feature is that'
recovery sterts et ~7500°C, but there is no evidence of recrystal=-
lisetion within the martensite at 600°C, At 700°C, the amount of
nartensite is so small thet recrystellisation cannot be entirely
clinineted but the breadth of the lfne doee suggest that the amount
of recrystallisgtion,’if any, is wminimel, ‘

Figures 9=12 show the {200;x pole figures after cold rolling'"
and aznnealing. After annealing for & hour at 500 C, ™ 6%’ hes |
transforned to X(Figure 7) with & corresponding change in the
austenite texture (Figure 9). One of the peak distributions is
now centred on {510%<f001> with spread towerds {ﬁ102-<?12>. Tor
reasons which will become evident during the discussion, the
orientations {1103< 557>, {430}< 001> ena{4303<8,8,17> are also
showvn as belonging to this part of the texture. The other high
intensity region in Tigure 9 is not so cleerly defineds it is
centred on orientetions close to {6,8,17}< 375>’but includes
considerable spread towards {430%<<§40>. Agein, this will leater
be shown to be quite significant,

After annealing for % hour et 600°C only m10%«’remains

-

(Pigure 7). The texture remeins the seme (Figure 10) but intensities
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ere significently higher end the distribution of orientetions is
nore clearly defined.
‘At‘700°0 the mariensite has almost disappeared (Figure 7
and further textural chenges are evident in the austenite. TFigure 11
shows that after anncaling for & hour at 700 C, in the region
{110%< T12> - {110%< 001>, the distribution of idensity hes chenged
end the general level-ofwintensity has decreased. At the same time,
in the region of {430}<’340>, the intensity has increased,
The»positions o£ {230§<f3,§,14>'and {6,10,1%<f5§1> orientations
are also indiceted in Tigure 11, to show %that they lie within the
generel spread of texture at this stege. The intensity of these
components increases efter annealing et:800°0, and after Shour at .
90000 (Figure 12) they emerge as major components of the reccrystele
ligation texture. There s5till remaims & considerable spread towerds
other orientations, pearticularly those of the type {6,8,172‘<§75>.
Figure 13 compares intensities of émportant z'orientations
during +the ennceling cycie and Figure 14 shows the variation in
profile of the 220y reflection. The slight increase in line intensity
at 500°C (Figure 14) could be partly due to a decremse in the amount
of martensites a positive.deduction of the onset of recovery is
therefore not possible. However, heving identified recovery within
the martensite at 500°0, it is reasonable to essune thet it hes
elso started in the austenite at this temperature, (This is further
confirmed when the results for 18%Cr 12/Hi end 187 Cr 145Hi stecls
are congidered, since in these elloys textursl chenges in the
csustenite do not mesk the effect of onset of recovery on line profile).
Recovery within the sustenite is certeinly evident et 600?6 and
is eepocieted with the very high intensities in Figurce 10. Returning
to figure 13, we see thet the initiel increase in intensity of
£110} < 001>and {110} < 712> coincides with the transformetion of <Y,
with recovery teking place_simultaneously-in both phases; The

intensities of {6,10,1%( 531>, {6,8,17%(575> and{2301< 3’§’14>
components increase during the recovery range and continue to
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increase up to 900 C. The intensities of {110} <712> and {110%< 001>
decrease during recrystellisation,

18%Cr 12%4Ni steel

Rolling textures of both« and Y phases remein the seme as
the nickel content is increased within the conrposition range of
netastable alloys. Figure 15 shows that the Y texture of 18%Cr 12%Ni
stecl is the seme as thet in 18%Cr 10%Ni steel. Figure 16 shows
thet the N/texture is elgo similar but its intensity is slightly
lower then inkthe previous alloy. ,

The 18%¢r 1271 steel recrystallices to & {225¢< 533> texture,
This is shown in theA{?OOZ( pole figure after annesling for & hour
at 900°C (Figure i?). Changes teking placé during snnealing are
shown in Figures 18 and 19. Vhen the results of 18%Cr 145iNi steel
heve been considered, it will be eappreciated that +the marked increease
in intensity of {110%< 712> ana {110 ¢{< 001> rolling texture
conponents of 18/ Cr 12/ Ni stcel at 600 °C (Figure 18) ie due partly
t0 recovery and pertly to the large increase in amount of eustenite
at this tempgrature. The smell but significant incrcese in intensity
of {225§< §§3> et 600°C‘arises solely from theqﬁaftransformation.
Pronounced textursl chgpges take place 8t higher temperatures to'
esteblish the {225Z< §33> recrystéllisation texturg. These results
are amplified by the{?Qd(ﬁ line profiles (Figure 19), which show
that recovery within the sustenite starts at‘v500°0, becomes nuch
nore pronounced at 60000, but is followed by recrystellisation
between 600°C and 700°C.
18fCr 14%1i steel

Rolling textures of 16855Cr 145Ni stcel (Figures 20 end21) are
siniler to those of 1855Cr 12yii steel,

The recrystellisation texture (Figure 22) is elso similar
but slightly better defined. There arc, hovever, important differences
when the changes during enneeling are considered. Al 60000, thg
inerease in intensity of {110%< 712> and {110§< 001> (Figure 23)
is due mainly to recovery, eincé the snmell zmount of martensite

which has trensformed et this temperature would be insufiicient



to account for this increase in texture intensity. Also, at this
temperature,wthere is conmnplete absence of intensity in the regivwon
of {225£‘:§§3>. Appearance of +this o;ientation is delayed until
recrystellisation occurs. (Figures 23 andé 24)

18740y 125 Hi T4Co steel

In terms of sustenite stability this g2lloy is sinilaxr to
185:Cr 14%Fi steel, Accordingly the cold rolling and annealing
textures ere the sene (?igures 25 and 26) and changes during
ennealing follow & sinilar trend (Figures 27 and 28).

185/Cr 25%Hi steel

This alloy is a fully stable austenite which exhibits the
standerd £.c.ce alloy texture on cold rolling (Figure 29) end the
correépopding {225%<’§33> recrystollisation texture efter anneéliﬁg
(Figure 30). Changes during ennecaling {Figures 31 and 52)reﬁain
the same as in 18%Cr 14981 steel,

6.1.2 Commercial Alloys.

Table 4 lists the texture paremneters measured after prelininary
rolling aend enneeling treetments. In some cases devieations from
the rendonm level are marginelly greater than for the 1abotatory
elloys, but the differences are not significant., Tor practical
purposes, eech steel can be considered ec having an essentiaily
rendom structure prior to cold rolling and agein subsequént
influence of initisl texture cen be neglected.

Figure 33 shows the progress of mertensite formation during
rolling for & selection of the alloys. The trends are obviously
the came as for leboratory elloyes. A new feature is shovn'by the
behaviour of PCB steel after anneeling at 105000, i.c. conplete
transformetion to «’ martensite occurs during rolling.

Cold rolling textures.are typified by the ezamples of pole
figures shown in Figures 34«36, Afteep initial heat treatment et
105000, the N/teﬁture of FCB steel is different (Figure 34). The
intensities of {j12§< 710> and {1112<-;?2> components are now
equal and the intensity of {90f3< 110> hes increcased by comparison
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with (say) the 185:Cr 107Ni steel, Hovwever, if the initiel heat
treatment is et 1300°C, the texture (Figure 35) is similer to
thet of the laboratory alloys. Othe: conmercial zlloys cxhibit o’
rolling textures similar:fo Figure 35, end the full results are
sunnerised in Teble B;fas relative inéénsities of the principel
conporents, | | |

Austenite rolling téxtureé of the commercial.alloys are ell
of the f.cece alloy type, and are typified by'thé {200}X pole
figure of TI'310 steel after annealing at 1050 C (Fagure 36)

On’ the basis of” recrystallisatlon behavlour the commerczul
steels fall into two groups. The unstebilised steels (RP91O, FST(L)
end PSL(L)) recyys s$ellise in & menner similar to the laboratory
elloys of equivalent metestebility. On the other hend, ‘the carbide=-
stabilised varieties (FCB,SF347,FDP;FMB and FUBTi) do not undergo
the sane re-orientation during,annealing; Instead, the final re-
crystellisation textﬁre is formed largely by retention qf”the_x
cold rolling texture and/o: retention of the J tgxture inmediately
gfter transformation from the martensite, Table 6 lists the %q/
after colé rolling and summari;es_thevrecrystallisation_textures
in terms of three ideal orientations, {é25}<f§§3>, £1103 < 712>
and {110{ < 001>, For some of the texturés, this_aescription is
oversimplified but the relative intensities of thesglcomponents
througﬁout serve &5 a useful guide to differences between the
various alloys end to the effect of different initial- heat
trectments applied to individual allo&s. The {225%< 533> orientation
is very close to {6 8, 17}< 575> which was used to describe
textures in 18YCr 109Hi steel. For sinmplicity, only the {2252‘ 533>
position is shown on pole figures of the coummercial steels but
it is recognised that the intensity measured in this position in
sone casces represents a wide spiead of orientations which inclﬁde

those originating from the o’ martensite %exture by transformation.



Tl W

RI'510 steecl.

This stcel represents o fully steble sustenite. The ’
recrystallisation»tgxture after anneeling et 1050?0 (Figure 57)
is of the {225§<<§§3> type. The transition is merginelly less cmnﬂdh
than in its leboretory counterpart, 187Cr 25¢Ni, since there still
reneins some spread of orientations in the region of the J
rolling texture. This point is also illustrated in Figure 38,
vhere the intensities of {110%< 712> and {110}~ 001> remein at
& higher level at 90000. The mechaenism of developnent of the
recrystallisation texture is siniler to the leboratory alloys,
with recovery causing sherpening of the rolling texture at 600°C
and giving way to rec:ystallisation by re-orientetion et higher
tenperatures(Figures 38 and 39). Fi§ure 40 shows that wate;‘quenching
fron 1050°C has negligible effect. Intensities of {225} < 533,
£1103< 712> and {1107 <001 > conponents are the sane (Table 6).
rs7(L) steel

This is a feirly stable alloy; only ~10%«’ is formed during
cold rolling (Table 6). Agaih the recrygtallisation texture after
ennceling et 1050 C is of the {2253« 533> type (Figure 41) and
transition is less complete then for (say) the 18{Cr 14%Ni
laboratory alloy. Mechenism of development'of the recrystellisetion
texture remains the same (Figures 42 and 43) and weter quenching
fronm 1050°C has negligidle effect (Figure 44 end Teble 6).

FSL(L) steel

The composition of this elloy is similar to that of FPST(L)
steels This isc reflected in the results shown in FPigures 45-48
and in the texture intensities given in Table 6 which establish
2 similar annealing beheviour.

'TCB steel

After initial ennealing ot 105000, FCB stcel completely
trensforms to « martensite during roliing, and the ratio of
principal q’texture conponente is different by comperison with

more stable austenites (Table 5).



Changes teking plece within the nartensite during annealing owe
sinilar to those observed for 18%Cr 107%Ni stecl. Fifures 49 and
50 show thet, during subsequent annealing et 500°C, the intensities
of x/c0mponents are increased by %ecovery,.but‘there is no evidence
of recrystellisation within the martensite atVGOO?C. (Figure 50).
At 70000, the amount of martensite is again so small thet
recrystellisation cannot be entirely elininated, but the breedth
of the line still suggesis that the emount of recrystalliéation,k
if eny, ie mininel.(Parallel observetions were nmade on other alloys
to esteblish this es a general effect).

Figures 51-55 indicate changes taking plece within the custenite
during anneallng. Figure 51 shows the {200?{ pole figure after
% hour at 600 C, when there still remahns '~12%marten81te in the
structure. This pole figure therefore represents the texture of -
austenite derived entifely from nartensitce. Description of the
texture in terms of ideal orientations is the same as for the 18§Cr
10514 steel.s The main differences arec that the intensities of

{1103< 001> and {110 }< 712> type orientations are lower in

FCB steel. Pigure 52 showe thet & large pert of,the_texture»at
600°C is retained et 900°C, notably the {1107 <001>- {1103 <T12>
spread, but the intensity of {225%< 533> tyve componeﬁ%svis“now
coﬁsideiably lover and the spread towards {4302< 349> hesg
diséppéared. The decreese in intensity of-{2252-<§§3> corresponds
vith increasming intensity of{1103}<001>" '(Figure' 53). The 220y
line profiles (Figure 54) show thet recrystellisation begins
between 600°C and 700°C vhen this change occurs. However, the
2203 line intensity after £ hour at 700°C has increased whereas
the corresponding series of line profiles for 185,Cr 10%Hi steel
ghows & decrcace in intensity at this temperature. This suggests
s different nmechenism of recrystzllisation in FCB steel.

Veter quenching from 1050 °C has negligible effect on the

recrystellicetion texture (Figure 55 and Table 6).
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Annealing at 1300?C,causes greater solution of carbon and
alloying éiements t0 produce & more stable austenite., During
subsequent cold rolling only'~87%d' ic fornmed (Teble 6). The
mein changes in the”correéponding'recrygtallisation teitu:e (Figure
56) ere a higher intensity of {225}< 533> and e ,lov:er_:,i‘ntensity
of {1103< 001>, | |

Vatexr quenchlng from 1;00 °e causes even greater solution
of carblues, *71 d being formed during rolllng. However, the
rechstalllsatlon texture remains essentl&lly the same, as shovn
by the pole flgure (Flgure 57) and the intensities of prlnclpal
texture COmnonents (Table 6). Figure 58 shows that the {225}< 553>
orientation or1~1nates durlng thc e tranuformatzon, and after
the transformatlon is conplete therc is no ma}or chanbe of texturc.
SP347 steel ,

After annealing at 1050 C, SF347 steel transforms %o '¥85%w’

aurlng cold rolllnﬁ (Tablc 6) The corresponding recrystallisation
tczture (ngure 59) counsists largely of {225}4 533> vzth spread
tovards {110}< 712> 2nd & ninor {110}‘<001> component. The

texture is siniler to FCB annealed at 1900 °c. Slmllarzty in

. behaviour is further confirmed when the inteneztzes of prznczpai Y
cdmponents and the variation of 220y 1line profile are considered
(Fiwures 60}and 61) Vater quenching ceuses only a slighfbdedrease
~in the amount of nartensmte (Teble 6) end the recrysta111 ation
texture remains the sene ( able 6 and Figure 62),

‘ Anneceling at 1500 °c caguses appreciable solu on of carbides;
vsince only ~35/x” is fox ned uurlng rolling (Table 6). The;
recrystellisetion texture is now quite aszerent (Pigure 63), .
consisting meinly of {110« 712> with {225}< 533> and {ﬁ1oi-<001>
both of lower intensity. Veter auenchﬁnb fron 1)00 °c prouuces
e similer texture (Table 6 and Figure 64) The stability of the
uaustenlte after initiel treatment at 1300 °C is ~approxinately
equlvalent to the 185iCr 1253111 laboratory steel, but the nmechanisn

of recrystellisation as shown by intensities of principgl
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components (Figure 65) is quite different. Dufing the ennealing
cyele the {110§ <712> + {110§<001> rolling texture oricntotions
ere not removed by re-orientation and renein os rnajor components
of‘the recry;tallisation texture, The initiel increase in intensity
of {225}< §33> erises from transformed martensite but in contrest
to 18%Cr 12481 steel growth of this orientetion is suppressed,

FDP steel

The trend'of recrystallisation textures of the previous
steel ie repeated in the behaviour of FIP steel., After initiel
treatuent st 1050°C, the results are sinilar.(Figures 66-69).

After treatment at 1300 €, only ~ 9%’ is formed during
rolling (TableIG) end the main difference in annealing texture
is the slighfly higher intensity of {11OZ< 001> (Table 6, Figures
70 and 71). Figure 72 shows that the ) rolling texture
orientetions are lergely reteined during recrystellisation,

FIiB steel

This is a fairly steble steel, equivalent to the 18{iCr 14%Ni
leboratory alloy. Only ~2%«” is formed during rolling of FiB
(Table 6)

The’recrystallisation‘texture efter ennealing at 1050°C
(Figure 73) is essentially & retained { cold rolling texture,
consisting of {1102< 712> + {11027<QO1> orientations. There is
also a spread of lowv intensity towards‘{225}-<§§3>,which,of course,
does not appeer in the rolling texture, Figure 74 shows that this
orientation appears between 70000 and BOOOC, but growth is
resricted such thet the rolling texture orientetions are retained
with little loss of intensity. Figure 75 shows that recrystellisation
occurs between 700 C end 800°C, but in contrest to (say) 18%Cr
14505 steel, the seame orientetions are largely retained.

Other treatments produce the same recrystellisation texture

(Teble 6, Figures T6-78).

HBTL steel

This is the titanium bearing equivalent of TIB., The textures



and ;ecrystallisation beheviour are the same (Fipgures 79-84).

613 Bffect of Rolling at Lower Temperastures,

Figures 85«88 show the effect of rolling at'~-196°c on
the textures of 18lCr 107/Ni and FCB steels. v
' The 200«’ pole figure of 187Cr 104Ki steel rolled to 90%
reduction (Figure 85) indicates thet the relative intensities
of {001§< ?105 end {311§'<??2> are increased (Also the amount of «”
formed during rolling was increased to 100%). The recrystallisation
behavioui,'however, ves similar to the sanple rolled ai room
tenperature. , (

Kore pronounced differenceg are exhibited by FCB steel.
After initial enneeling at 105000, the rolling texture at -196éC
(Figure 86) shows & much greater increase in intensity df the
{001Z< 110> conponent with & decrease in intensity of {1143< 172>,
The subsequeﬁt recrystallisation texture ic also different (Figure 67)
The nein component is now {110}< 112> with {1103 < 001> ana{225{< 533>
at secondery intensity. Beveiopment of the texture is still largely
by retention of the teiture formed at lower temperatures (Figure88) -

6.2 Hardness Curves.

Tigures 89-96 show hardness curves for the,comﬁercial_sEelé.
In general, the observed veriastions in herdness confirm deductions
rade previously from line profiles. i.ef’recovery occurs ~500°C
and, with the exception of FUB and FIBTi steels, recrystallisetion
occurs over the range 600°C-900°C. Throughout the series of elloys
the highest recrystallisation annealing treeiment, % hour at 900°C
is sufficient to produce essentielly complete recrystallisation,
(Tardness curves were also determined for the leboratory alloyc
but the results were similer to (sey) RF310 commercisl steel).

Tor the unstebilised alloys (Figures 89-91), rate of cooling
from 1050°C GzE%m hes iittle effect on hardness and therc are
no significant differences between the stegls.,

For the stebilised elloys (Figures 91-96), rate of cooling
from 1050?0 egéin has little effect. In come cases (rcB, SF347 and

FEDBTi) weter quenching from 130000 retains & higher herdness than



furnace cooling, but the difference is not great, The nain
effect of the stabilising elements is thet 2 higher hardness is
retained at 700°G by comparison with unstebiliced elloys. This
is most noticeable in FMB end TFMBTi steels (Figures 95 end 96)
whgre the alloys are still in the recovery stage at 700?0.

6.3 Metellographic Observations,.

?able 7 gives grain sizes of the commercial steels measured
after initialjhéat treatment end after subsequent cold rolling
and anneaiing.(ﬁeasurements nade on leboratory alloys were sinilar
to results shown for the unstabilised steels)., Initiel grein sizes
very within & factor of 8 while those after cold rolling and
.annegling vary within & factor of 4., Although initial treatment
et 1300°C pronotes noticeable grain growth, after cold rolling
and ennealing thé grain size is similer to that in other sanmples.

Uséful comments on the opticel metellography are limited
to effécts of the initial solution %trectments, This is because
subsequént cold rolling merely breeks up any existing distridbution
of undisoolved particles with the result that only the quantity
of undissolved phases, or conversely the extent of their solution
in the matrix, remsins as & variable to be considered in &iscussion.
» v_y,The nein effééts are typifie&iby the arcas sghown in Figures
97-99, For the unstzbilised steels, furnace cooling from 1050°C
1eft_éjfiné network of grein boundery carbides C&O'QAL), vhereas
water quenching tended %o suppress such prgcipitation lesving
on;y the originel undissolved'carbides (~1-2/00 in the matrix
(Figure 97)« The amount of undissolved particles was nuch greater
in RF310 then in FST(L) end FSL(L) steels., » :

The niobium end titanium stebilised steels (FCB, ST347 end TDP),
in eddition to somé fine grzin boundary cerbides, showed more
nassive grein boundary networks (NQ/M) after anneeling ot 1050‘%
(Figure 98), but solution treatment et 1300 C removed much of this.
TEBTi steel beheved in & sinilar menner to these alloys.

TiiB steel showéd elmost complete solution of large cerbides
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after all heat treatments e.g.,Figure 99 shows the fine grein
boundary particles produced during furnace cooling fron 1050°C,
Teble 8 gives the results of gualitetive analysis of carbide
extracts from selected alloys. Féx the unstabilised alloys,; ecege
RF310, only Mp3Cg is involved. For the stebilised steels WbC,
TiC end possibly liopC can also occur, _
It was +the electron metellogrephy which highlighted imporitent
differences between stebilised and unstobilised steels asc
regards frecipitation and re-solution of precipitates during th9
anneeling cycle. The observations are summarised by Figures 100-108,
vhich show micrographs of thin foils taken fron E3310, FCB and
IMB steels.
Pigure 100 indicates that recovery in RF310 steel is almost

conplete after % hour at 600°C. At 700‘%, some precipitation occurs

but this is more evident ot 800°C. (Figure 101). At 900 C,
however, nmost of this precipitate has re~dissolvéd leaving & metrix
essentielly free fron fine precipitetes (Figure 102).

Figures 103;105 consi§er a sinilar sequence for FCB steel.
The asreaz shown in Figure 103 has zctually started to recrystallise
at 600°C. Figure 104 shows come isolated fine particles at 700 C
but precipitation is much more extensive at 80000 (Figure 105).
After % hour at 900 ¢ (Figure 106) precipitete particles (~0-1 )
are still present in the matrix,

A siniler effect is denonstrated for FiB steel in Figures
107 and 108. \

This .retention of precipitete particles at 900°G by the
stabilised steels io in qomplete contraest to the unstebilised

steel: which exhibits re-solution of particles at this temperature,



s e

7+ Discussgion.,

T«1 Rolling Textures.

Within the scope of the present work, there are no differcnces
in‘cold rolling textures that could be sttributed to differences
in grain size or disiribution of second phases. The comment about
grain size is & general one since the observed varistions would
not be expected to have any effect, but the point is illudrated
by the resulte for FUBTLI steel where the initial grain size veries
by a fector of 4 yet there are no real differences in the emnounts
of austenite and mertensite or the fexﬁures of each phase, Initial
texture has already been dismissed as 2 varisble by ensuring en
essentially random condition prioi to cold rolling. Factors -
controlling the observed textures arevtherefore natrix (austenite)
éomposition and tempereature of rolling,

7e1¢1 wMetenoite Rolling Textures.

During rolling et room temperature, except when the amount
of‘martensite approaches 100%, relative intensities of principsel
conponents (Table 5) remain constent fhroughout the composition
range of metastable elloys. It is interesting to compare the
observed relative intensities of {112} <710, {1117 <772> ana {001{<710>
conponents of the x/rolling texture with the intensities normelly
observed in b.c.c. rolling textures, The {OO1}<'?10> conponent
usuelly dominates the rolling texturey, but is reduced to secondary
inportence in the<texture. This difference arises beceuse the
nertensite in steinless steels is formed gredually: prior
deforﬁation of the sustenite, involving development of its own
texture, will influence subsequent grain‘rotations in the
trensforned meriensite. Results for FCB steel rolled at room
temperature, end 18%Cr 107%Ni and FCB steels rolled at ’L-196°C,
show that, if the martensite transformetion is completeéd zt an
eerlier stage of deformation, the final « texture tends toward
the nornal b.c.c. typec. o v e _ _

It was previously reported by Dickson and Gnegn(87) that
only {112§-<710> end {j11§-<7?2> conponents were present in the
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eftexture of 18%Cr 10%4NWi steel, and they atiributed absence of
the {00‘2*%710>'component to delayed development of the b.c.c.
rolling texture, This occurence, es shown by the present resultis,
is certainly not general, end could have resulted from & snall
emount of initial texture, sufficient to alter significantly the
sequenee of texture development, since rolling was previously
~carried out directly after forging and ennealing. In the present
1work,.use of pretreatments to ensure a random starting condition
has avoided this, Apert from this difference, other rélling

(87)

textures reported by Dickson and Green are confirmed by the
present resulis.

7+1+.2 Austenite Rolling Textures.

. The eustenite cold rolling textures of these alloys are
controlled by the value of [ /@b, and for the limited range of
conpositions only the varietion of K with composition needs to
be considercd. By working out the leest squares fit of datz from
several workers Gallagher(91) has shown that dx'/dni = 2-6 erLsS.
2, this gives (18/12%

27 ergs.cm‘z and ;X1B/14_3132 ergs.cm‘z. Assuning 6 = 74 x 10%
2

cm."? wt%‘!. Taking X18/10 = 22 ergs.cn”
dynes.cp' and.ax = 35+59 A° the corresponding.éulues of Zf/Gb

ere 1:4% 'z 1072, 1:76 x 1077 and 2°09 x 10™7 for the 18%Cr 103Ni, .
1850y 12:N4 and 18YCr 14%Ni steels respectively. Silver, which

is known to exhibit the f.c.c.\allpy type of texture on rolling

et room temperature,:hasﬁﬁf/Gb = 3.1 x 10”3, It is not surprising,
then, thet the senme texture is exhibited by the eustenite ineech
steel covering the range of metastability.

In the steble zustenite range, 18¢%5Cr 25%11i steel also-
exhibits the elloy $exture. From the same date '{Ha/zsf$ 61 ergs.
on=2 giving J /6b = 4 x 1077, At higher velues of J/Gb, approaching
that of, say, copper (= 53 x 10“3), austenites should exhibit
the pure metal type of texture when rolled at room tenperature

but there are no results to confirm this.
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7.2 Primary Recrystellisction Textures of High Purity Iron-

Chroniun-Nickel Austenites.

Besicelly two different textures have been idLntified. The
18%0r 1071ii steel recrystallises to neinly {230%-53, 1A> end
{6 10, 1§<.551> orientations with conszderable gpread remalnlng
in the re{;:l.on of 16, 8,17}< 575>, whereas 187Cr 127hi, 18 ‘ox 14504,
18»Cr 12%Ni 7%Co and 18%Cr 25%Ni eteels recrystallise to a {2252<)33>
tex»ure.’“he obvious dlfference in rolllng behav;our of the two
séts of»alloys is the nuch hlgher anount of martensite ("860«')
formed in 18%Cr 10%4Ni steel then in 18,9’501' 12,JL1 steel («52%0( )
éhd the other allioys. |

Te2.1 Goﬁpéfisoh with Provious Resulise.

'”he recrystalllsaﬁlon tex ture of 18:0: 10pFi steel vwas
prevzoucly descrlbed (Dickcon and Green( 7)) as nainly {236}<3,2 13>
and {230}< 321> conponents, wvhich mey be identlfleu,’re pect:vely,
with {250}< 3,2, 14> and {6,10,13< 531> orientations used a.n the
present wvork, these being a slzghtly better description of the
peak p081t10ns. Slmilarly, the {2252< 553> texture of 18%Cr 1awH1
and 18 Cr 14%%i steels wes previously descrlbed( 7) es {1132 311>,

(87)

for 18 Cr 10% N3 steel remaln anomdlous.’

The results of Dickson and Green ere thus confarmed ‘end those

(88)

Te2.2 hechanlsm of Texture Developuent.

of Goodman=din

Formetion of recrystallasatzon texturea from the duplex
Q/ﬁ—x) rolling textures of netestable austenltzc steels involves
several stages. Thece arci- o
1) recovery within the deformed austenite
2) recovery within the deformed martensite
3) fornation of recrystellisation nuclei within the range of

eustenite rolling texture orioenteotions
4) nartensite to austenité shecar traensformation
5) veriant selectivity during the srensformetion
6) recovery within the derived eustenite
7) formation of recrystellisation nuclei ﬁithin the range of

transformed orientations



8) competitive growth of fevourable orientations to forxrm
the finel texturet this ic influenced by the relative
enounts of q/and.Xformed during rolling.

Successive stages overlap, but the role of cech can be
discussed separately, in the general order of occuience.
Recovery. '

Recovery merely leeds {o sharpening of theAexisﬁing texture
about the principal orientetions. ths hag been illustrated for
both 18%Cr 10;iNi and 185iCr 1451 extremes of the composition
renge of metasteble alloys. Recovery within the martensite prior
to trensformetion has an important bearing on the derived
eustenite texture. The effect is that, even with random selection
of veriants during the trensformation, that part of the sustenite
texture derived from the maritensite should be less diffuse,
Continuvation of recovery within the derived sustenite leads to
further texture sharpening before recrystaellisation.

The lertensite Trensfornmation.

The martensite transformation in stainless steels hes been
the subject of many research papers, and there has been much
discussion on the reactions which seem poseibley i.e. whether
(é?d'or"y4>£=a{. It is gencrally considered that € is e
transition phase and that continuing defotmetion will transform
it %o q'martensite, gso thet the final product is the same in
either case. The reverse trensformation is sinply dﬁ?x. In
reletion to development of polycrysitelline textures it is the
orientation relationships between X end q/phases that are of
intercst rather than the mechanism of the transfornation itself,
Both the KurdjumoveSachs end Hishyanme reletionships have becn
reﬁorted,

the former (111)X” (110)x” eand [ﬁ?O]X |\ [371]u’

the letter (111)¢| (110)y end [5'”]3r | [0l
The two orientations are releted by o 5016/rotaﬁion of the be.coCo
lattico ebout the [110)« nxis. Kelly end nutﬁing(gz),gna

Venables(93) cleined to have identified the Kurdjumov-Sachs



relationchip using clectron diffraction patterns. A difficulty
here is thaet the inaccuracy in orientation mneasurements based
on this tedhniqﬁe right emount to the difference between the
o relationships, and it is now rebbgnisedithgt neither can be
excluded by electron diffrection determination. Lagneborg(94)
concluded thet either could be involved. It?is even possible

that the actualfrelatinnships'canno£'bé accounted for by parallelisn
between rational planes end directions, Accurate Xeray diffraétion
experiments by Breedis and Robéitsbn(95) have shown that small
but significant deviations from the Kurdjunov-Sachs relationship
exiot in e 16%Cr 125Ni steel. They reported en orientation
relationship where (111)y is 0-5 from (110)x’ end [2?293'118 0°6
96.

from Eﬁ?f]&’. Similar results were reported by Kelly for
17%Cr 9%Hi stecl, When releting trensformetion textures in
polycrystals, differences of this order of megnitude mey be
jgnored. Bven the difference of 5 16 between the two relationships
is itoelf sufficiently smell to ellow them to yield similar
distributions of varient orientations after transformetion.
In view of this, and teking into account that the concensus of
opinion and experimental resdlts févoﬁrs the KurdjﬁmbvéSééhé
relationship; the present ﬂiscussion'will be confined to
intérpretation of resulte in terms of this mechanisme.
’To'interpreﬁ the X'texture innedietely after reverse
transformation, the nartensite reaction will first be considered
purely from & geometricel ﬁoint of‘view, i.e. with complete
random selection of variants. In eny one crystal there are 24
possible variants of the Kurdjumov-Sachs relationship, giving
rise to 24 nevw orientetions from each parent orientetion, These
actually consist of 12 twin-releted pairs, with both orientations
of & pair heving the same habit plane. The 24 orientations also
fall into 3 groups of 8: within each group the orientetions
are relafively close together, the nininunm end nmexinun angles
hetveen orientations being, respéctively, 8’ end 22? Pigures

109-111 shovw positioné of +the nevw orientations after trensforming
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from {001} <710%/, {1113<T72% ana {112} < T10%” starting
orientetions. Table 9 lists these orientations and describes the
~conplete 24-varient solutions in terms of the 3 ideal orientations
ebout which each gfoup of 8 is positioned. The teble also shows
how the intensity:chenges as a result of transformetion.

The {0012< ?102<’component thus. gives rise to one group of
orientations centred on {100%< 009>y and two groups centred on’
twin-related {110} < 557>y orientations (Figure 109). 4

”Q«The‘{111%< 772>a/texturejconsista of two twin-releted
.components, each of which gives rise to one group of orientétions
. centred on {4302<’340>g énd\two groups centred on twinereletod
£430%< 8,8,17>y conponents. The combined effect {Figure 110)
produces- two twinereleted {430§-<340>{ conponents aﬁdifouf%QOmponents
of the t&péf{43025'3,8,17>53 ’ '
_ Sinilarly, the {112} < 7102 texture consists of two twine-
- related components, eech of vhich gives rise to one group of
- orientations centred on {430%< 001>y and two groups centred on
16,6,17%< 575>y , with the combined effect (Figure 111) of two
{430§<v001>3?components»and‘four components of the type f658,17}
<575>y . |
Figure 112 is & prediction of {he resultant austenite texture

- in terms of these ideal orientations. Obviously this figure is

not meant to be & full description of the texture, but if the
previous enelysis is valid these orientations should at least

£211 within the general spread of texture. Compearison with Figure 10
-showvs that, epart from the complete absence of intensity in the
centre of the pole figure, the )/texture of 18%Cr 107Hi steel

efter & hour at 600°C conforms to the predictions. The group of
orientations centred on {100}<5001>x s and origineting {fron

{901§'<?102x’,-is nissing. This is direct evidence of prcferentiel
selection of KurdjumoveSachs verieants, since it cen only be accounted
for by essumning thet the eight veriants comprising this component

do not operate. Suppression of certain habit plenes during
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trensformetion hee previously been reported by Bokros and Parker

(98)

transformetion texiture than would arise when random selection

and Borik and Richmen » Its cffect is to produce & sharper

occurs. Thue, the texture shown in Figure 10 is shaerper due to -

the absénce of orientations olose to {100} <001>y . The {0013< 710>’
~ component hes trensformed only to‘orientations in’the-regicn of
{110 < 557>y , vhich merge vith the {110} <T12>-{1103<001>

spreed, ‘ . ' '

Recryetaliisation in the Austenite.

- Subsequent recrystellisation in the gustenitec depends on -
the amounts of « and ¥ in the cold rolling texiure. In the nore
stable alloys, which have only a snell smount of o in the rolling
texture, nuclei forming_mithin'the range of ) rolling texture
orientations are required %o grow through a fairly limited range
of matrix components in order to become pert of the recrysialle
 issdion texture. In highly metestable alloys, however, the wider
renge of orientetions of the b.c.c, rolling texture is transferred
via:the:ﬁ?ﬁtransformation to the dgrived sustenite texture.

From Figure 10, there are two nmeain distributions involved, but
there is also & considereble spread of orientetions between
these hiéi intensity areas. In order to becomevpart4of the
recrystellisation texture, nuclei nust grow through a”much‘wider
renge of nmatrix components than in the former case. The process
is s5%1ill further conplicated when somec austenite remeins in the
rolling texture since nuclei from this.ranéé of orientations will
compete with those from the derived austenite components which
arc alreedy competing amongsf thenselves. Density of nuclei,
being governed by the relative enmounts of the various oricatetion
distributions, is highly influentiel in governing the fingl form
of the recrystallisetion texture.

Verious results from single crystal‘stud;es(1) indicate
that, in the ebsence of seccond phese or other inhibiting effects,

the geometrical reletionship between deformed and recrystallised
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grains in f.c.c. ma%eri$1s is a rotation ofh'30-46>about connon
<111> poles, and Lﬁckgmhas chown the orientetion relationship
for maximﬁm growvth rate to be 40o<111> rotaetions for the case
of elumimium. In accordance with these obscrvations, and following
the principles set out by Dillamore(45), it will be assumed that,
in general, a nucleus will be favoured for growth if it hes g
<111> pole almost in common with the matrix into ﬁhich'it grovs
and if the rotetion about this pole is «—401 Tables 10-13 compare
geonetrical relatiohships of the principal recrystallisation
components for different ranges of metrix components in terms of 9,
the engle of wisfit beitween <111> poles of nucleus and natrix,
and ¢ sy the rotation ebout this alnost common <9111> pole.

For(a ;.c.c. deformation texture of the {110¢< 112> type,
43

Dillanore deduced thet nuclei fevourable for growth from
graih bounderies or defornetion Band boundaries would be of the
types {4,9,175< 385>,{4903< 001> end {112} < 710>, The rolling
texture also contains a ninor {ﬂ1dz< 001> component, which, as
shown by Figures 23 and 31 occupies about one quarter of the
total volume. Both {1123< 716> and {490¢< 001> nuclei are inhibited
by this componént, (43,99) so that nuclei of fhe $4,9,17% < 385>
type should be preferred. The {2252< 533> orientation used to
describe the recrystallisation textures lies close to;this,

Table 10 compares geometricel conditions for {225}<:§33> nuclei
growing into verious matrix orientations. Huclei of thié type are
fevourable for growth info both components of the {110}<7712>
texture and the {1102<‘001> component, and should therefore forn
the recrystellisetion texture of steble austenites having low
velues of X/Gb. When o small gmount of o nertensite is fo;ped
during cold rolling, es in the 18%4Cr 14%Ni steel, {225§-<§33>

is confronted with other ranges of metrix orientatione, which

are elso represented in Table 10. The {6,8,173< 575> component
igs very close to {225}< 333> and therefore merely becones part

of the renge of growing nuclei. Smell amounts of this component

will actually enhance developrent of the recerystellisation texture



by spontaneously providing suitable nuelei, and to this extent,
nucleation of the recrystellisetion texture can no longer be
consideréd entirely rondom, Oricntations such as {1io§~5§57>

end {430¢< 6,8,17> ere close to {1103} <712>, end ney bphédnsidered
es pert of the spread around {11o}<?12$. Similarly {430}-{ 001>
mey be considered as pert of the spread around {?10}<f601>3 Ketrix
componenfé such &s these present no serious inhibitingaeffects;
es shown by their geometriéal reiationships tTable’iO); at least
one out of two or two opﬁ'of four metrix componehts remain |
fevourable for {225%<-§§3>-nuclqi. However, the greater the
devietion from the {110%<712> «{110%< 001> spreed, then the
greater is the liklihood of inhibition occurdng.Orientations of
the'{430§?<§40> type will present the greatésﬁ inhibiting effect,
due- to a very large ongle of misfit of both components with{2253

<533> (Table 10). For small amounts of «’, the effect will be
negligiblé, but increasing-ngtastabltli%y will eventualiy restrict
development of the {2253~ 535> rcorystallisation texture through
fhe piesencé of {430?< 540> type matiix'cCéponents end pthers}

The present results show thet 2t leastiﬁoﬁu/ can be tolerated
befor; this bccurs. v ' | |

" For the oépoéite ckirene of;austenite;stability; i.e. 18%Cr

10%Hi steel, the recrystallisation texﬁure consists nainly of

two groups of orientations, centred on {2302< 592594> and {6,10,1?
<5§1>; with spread towverds {6,8,17}<’§75> type‘niﬂbr conponents,
Huclei 5f thesé'crientations cen originete entirely from'%he range
ofvorientations produced by thedd§W'shear trensformnetion.

Teble 11 shows thet conditions are highly favourable for {230}
<3,214> nuclei to grow into the {110%< 001> + {430} < 001> meirix
distribution. Other orientations have ot lezst one conponent
‘which tends to inhibi% growth by virtue of its nmispatch with
the metrix, Teking en overall view, {23503 <3,2, 14> nuclei seem to
:be capeble of ebsorbing 6: paertially absorbing ell orientations

except those‘of the type {6,8,17E< 575>, Teble 12 shows that



nuclei of the. type {6,10,1}< 531> would tend to be inhibited by
the {110%< 001>+ {430%< 001> spreed. Apert from this these nuclei
also seem capable of absgrbing orgpaftially_absorbing the matrix,
with the exception of {6,8,17}< 575>. Particular differences
(Table 12) ere thet the two {ﬁ10§<'?12? components are now equally
fevourable, and growth into both of the {450%—<§40> components
is likely, although the angle of rotation is less favoursble for
one of them. Conditions ngerning growth of {6,8,17}< 575> nuclei
ere sunmarised in Teble 13, This orientation is nmuch less
favourably orignted;for the range of matrix components. In
particular,‘{43eg< 546? end {436}<-3,8,17> components will tend
to inhibit growth. The {6,8,17§-<§75>-orientetion is not eesily
ebsorbed by {230Z< 3,2,14> (Table 11) or by {6,10,12< 531> (Teble 12)
so thet the spread towards this orientation in the finel texture
(Figure 12) probably results from its retention by "recrystallis=-
ation in_situﬁ, i.e. subgrains growing until +they reach a size
ettributadble to recrystellised grains.,
Fuclel erising from the smell amount of_austenite in 18%Cr

10911 steel will merely become part of the spread centreﬁ on
{6,8,17}< 575> end therefore have no significent effect on the
recrystallisation texture. Increasing amounis of austenite will
increase the density of {225}‘5553> nuclei until they eventually
provide najor competition with other growing nuclei, Transition
to this type of recrystalliéation texture will take place as the

ustenite stability increeses. )

| Fornation of the {2)0§<<),2 14> + {6 10,1}*5531> recrystal—
lisation texture cannot be interpreted unambiguously, and is
nore complicated than wes considered by previously by Dickson
and Green(87). The fact thet there are two main types of nuclel
involved will in one sende help the growth process, i.e. grains
unfavourably oriented for one nucleus night be favourably oriented
for the other. In general, all that cen be concluded is that

recrystallisation takes place by growth competition between {?30}
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<3,2,14> and {6,10,1§‘<5§1>. From the present enslysis, it is
likely thet the {110{< 001> + {430<001> spreed diseppeers by
growth of the {230}< 3,2,14> conponent. The low angle of misfit
of the letter with the matrix will actually fevour repid growth
et an_early stage during reCrystallisafion. This piobably
accougts>for'a large pert of the texture rearrengement which
tekes plécé'bétwéen'éoo?c (Pigure 10) end 700°C (Figuré11) when -
the;intensity of {1101< 001> hes repidly decreased;jThe {6;10,1}
<5§1> nublei afé>more fevourably oriented for growth into {ﬁ103
<112> and {430§‘<§40>'componénts, and probably account fqiithé
greater proﬁortioﬁ'of crowth iﬁto this part of the natrix.

Relative Contributhons.

Relativé(contributions of the verious stages may Ve summerised
es followste |
_ ‘Recovery is importent in that it 1eads to Shérpeﬁing of
both « and ¥ rollimg textures. When,lafge anounts of nertensite
are formed during rolling, its effect is more significanf;'i;e.
texture sherpening produced in the martonsitekprior to reveree
trensformation will contribute to & less diffuse épread of
orientetions in the derived austenite than if recovery was delayed
until after the transformation., The crystalldgfapﬁic nature of
the «“%W’transformation linits thé spread of orientations which
are present in the austenite inmedietely after transformetion,
end vqriant seiectivity can contribute to texture sharpehing at
this stage by suppression ofrcértain‘variants of the Kurdjunove
Sache orientation relatiéﬁsﬁip. As the alloy~stabilit& incréases
and less ﬁartcnsite is formed, the influence of the transformation
becones less inmportant. Throughout thé range of netastable
:austenites, orienfed growvth rather then oriented nucleation is
largely responsible for developnment of recrystallisatidn textures,
Hoﬁever, the xcej’transformation is cepable of spontaﬁeously
’producing suitably oriented:nuclei’and certeinly in the 18%Cr
10751 2lloy the nechenism should be ﬁartly considered as oriented

nucleation.



7.3 Prinary Recrystallisation Textures of Conmercial Stcinless
Ny ~ Steels.
T+3.1 Unstebilised Steels.

The unstabilised stecls (RF310, FST(L) and FSL(L).)
recrystellise in & samllar mganer té: the laboratory ulloys of
equzvalent metastebility (cf. Figures 22 and 41, Pngures 90 and 37)
" Hode of development of the textures renmains the same but some
further‘deduéfions‘can now be nade regarding,the éffeéfa of initial
gsolution treatment. For instence, furnaceicéoling éllowé formation
of somne fine intergrenular carblaes, probably of the type (Cr,Fe)::C,
but these have no significant effect on subsequent cold rolllng
and enneeling behaviour vecause the network is broken up by the_
severe deformetion. The same will apply to stringexs of>undissoivea
carbides end inclusions. The slightly differént carbon contents '
of TsT(L) and FSL(L) (%able 2) do not produce any noticeable
difference in amount of undlssolved ‘carbides. By contrast, RF;10
steel shows appreciable quantitiee of undissolved carbides after
both annealed and water quenched'conditions,‘yet recrystallisation
textures are similar to the other steels (cf. Figures37 end 41),
iﬁdicaéing thet carbon infamounts up‘td 6?1% has little effect.

~ Precipitetion of (Gr,vFB)gs éa'dﬁring recrystallisation
does not inhibit ré~orientati0n,'presumably because'the’particles
are re-dissdlved feirly readily under anneeling conditioné of
increasing temperature (Figure 102) One can'envisage a &ynamic
situation of precipitation and dlssolutzon with alssolutlon nelng
nore or less conplete during the later steges of anneal;n
Te3e2 Stablllsed Steels. A

The carblde-stabilzsed steels (PCB SP547,FDP FIIB end FPBTl)

form their‘recrystallisation textures largely‘by retention of

the | cold rolling texture and/or retention of the Y texture
immed;gtely efter trensformation from the martensite(ec.g. Figures
52,59,66 and 73). Initial solution treatnment is importent only

in so far es it controls the stebility of the matrix prior to



cold rolling i.e. solution of carbon and eclloying elenentis
promotes a nore steble eustenites. The observed effects of solution
treatment on annealing textures are therefore indirect being
related to thg&elative enounts of susitenite and martensite.

efter rolling., High solution treatment temperatures are required

" to show variation in textures through dissolution of ¥bC or TiC.
In all elloys, initiel distributions of undissolved particles are
broken up -during rolling.

- The essential difference between the unstebilised and
stabilised steels is thet, in the stebilised alloys, precipitation
occurs during enneeling and,much of it renmeins until the end of
_recrystéllisation (Figures 106 and 108).;The carbide pheses which
are involved are probably HbC;TiC.(Cr,Fe,Mo)gécg and possibly
HooCa ' | ' :

The nechanisn by which theftextures ere retained is nost
likely'ohe of precipitate particleé résfricting grein boundary
,mbbility so thet greins with high engle bounderies do not grow
in preference to others, et least not to the same extent es they
vould in the absence of precipitate particles. Inhibition of
‘teiture re-orientation in thies manner is certainly not conplete
in these 2110y, This is most clearly showvn by the results for
FHB and FIBTi steels vhichiform only relatively small anounts
of d'martepsite during rolling, The recrystellisation textures
(Figures 73 and 79) consist lergely of retained {110}< 712>+
| {116}<‘001>vaustenit9 orientetions but there is also spread
toverds the {2253}<3533> orientation vwhich can arise in these
| ailoys only by oriented growth from the :olling texture,

8. Some Implications of the Present Resulis.

A knowledgé of the textures vhich may be obteined in e
perticuler netel or alloy is inportant since it could lead to
useful control of preferred orientation during fabrication..
Current cxzemples of this are?

(a) producing e "balanced" texture in copper and gluminiun sheet,

vhich nminimises the anmount of earing during subsequent pressing



Ule .

operations, 4
(b) developing a high “"through-thickness" strength in mild steel,
lecding to improved deep-drawebility,.

It is now well esteblished thet the rolling texiures of
stable f.c.c. metals and elloys are of two general types,
referred to as the "pure‘metalﬂ texture and the Yalloy" texture, -
and that transition from one to the other may be effected by
verying the stacking feult energy or by changing the rolling
tenperatuores. However, the anncaling textures derived fronm these
rolling textures are not commercially useful s a means of
inproving press-~forning properiies.

The textures which have been observed in zustenitic stainless
steels are of interest beceouse the wmodifying influence of the X:?rx’
transformation in metastable alloys and/or carbide forming elements
in stebilised steels now mekes possible formeztion of gnneeling
texture orientetions which eare not normally characteristic of &
fecics matrix,

The reletion of the present results to sheet forming properties
cen be sunmarised as follows,

(1) 2"new" range of recrystellisation textures are possible in
carbide~stabilised steels which cover the range of metastable
esustenites. The texture can be varied,; by control of matrix stability,
to give required balance beiween the three main-ﬂisﬁributions
cenired on {1103< 712>, {1102<001> angd {2253 <533>, Torming
properties have yet to be exemined but because a wide range of
orientations is involved, the amount of earing eassociated with
the nixed textures should be less then when single orientations
are- involved.

(ii) The results have enphesised the importence of solution
treatment control applied to stabilised steels in the metastable
renge.i.e. lerge variatione in ennealing texitures and associated
properties cen arisc through use of different treatments.

(iii) In cerbidec-stebilised austenites which show little or no o’
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during deformation,‘th¢“{j10}< 712>’X rolling texture is retained
during recrystallisation. This texture obtained in « bress by’
secondary recrystallisation is known to show slightly improved
deep Gravability compered with isotropic material,_énd night be
uged %o advantege in this cless of steinless steel.

" 9. FTuture Trends in Researche

Theories are still being refined in order to give complete
account of e£ll aspects of texture formation. Because of\the
difficulty of essessing the statistical neture of polycrystalline
textures, future work might concentrate more on single’crysfal
studies which-yield unambigucﬁs information for analysis;

Thergﬁs puch %o be lecarned about the role played by inmpurities
and second phases on both rolling,and récryétallisatiou %extures.
The rale of phase transformations. es distinct from precipitation
- of ninor phases, has only just begun to be éxplored. In particulaer,

: fhé influence of the reversible gzﬁkftransformation in Stainless
stecls is well esteblished and future work on these alloys might
concentrate on exploiting the transformation to develop new
recrystellisation textures in e f.c.c. matrix.

_Thé-p:esent'work is being extended using the followiﬁg
approachess= ' |
(a),rebrystalliéation texture transition in high purity 18%Cr steels
over the range 10~129ui. | ' |
(v) rolling3textuie transition in siable 18%Cr austenites a8 o
function of nickel content |

(c) role of carbide-ctebilising elements in high purity sustenites.
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TABLE 3

Texture parameters of laboratory steels
after prelininary rolling and annealing

Phlal

Steel - , :
111 200 220 311 331 420 400
1 8/10 1e1 | 008 Te2° 161 009 1.0 0.9
18/12 1.2-1 0.9 | 1.2 0.9 1.1 | 0.8 | 0.0
18/14 741 0. | 1.1 141 0.3 | 1.0 | 1.0
158/12/Co | 1.2 1 0.9 | 1.1 [ 1.3 | 0.9 | 0.8 |. 0.8

' ’. i

168/25 1 1ed | 140 | 1.1 | Ge2 | 0.0 0.9 0.9
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TABLE 4

preliminary rolling and anneallng

Texture parameters of commercial steels after
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TABLE 8

Carbide phases preseat in commercial stecls.

Treatment

Carbide phascs present

ST 547

FDP
P
FIT 0

1 1r 1050°C, FC, 0% CR
< ho soo°c, Ac.

1

1"




Table 9

Ideal orientations after transformatlon from principal
components of the «” rolling texture

Principal Components Intensities
components. resulting relative to
of x’ from original

rolling /=
texture i - X
{oo1¢<710> | {1003} < 001> 1/3
{1103<557> /3
{111} < 312> {4303 <340> | 1/3
{430} <6,8,17> - 2/3
{112%<710> {430} <001> /3
{6,8,17% <575> - 2/3




Table 10

Geometrical conditions. governing growth of -f 225¢ < 533 > .puclei

©

Comments

Nucleus Parent y) &°
{2253<533> | {1103 <112> 14 | 42 Favourable
10 26
£110% < 001> 11 42 Favourable
£110% <557 > 8 27 Favourable
| 15 23
{430% <001> 9 41 Favourable
| 16 55 |
{4303 < 6,8,17>| 10 37 Partially favourable
16 50 |
10 19
29 37
_{430‘g<§40>‘ 1 23 37 Unfavourable
S TTEs o |

{6,8,173< 575>

D9 W

Close to -{2252 <533>




Table 11

Geometrical conditions governing growth of .-§23O %-<3 ,2,14> nuclei

Nucleus Parent o & - Commen ts
{230} <3,2,14> | {1103}<712> 3 20 | Partially favourable
| 20 | 39
{1103 < 001> 1 | 19 | Favourable
{11 03§< 557> 8 26 Favourable
15 | 55
{4303%< 001> 7 | 25 | Favourable
7 25
-{430?< 6,8,17 7 24 Partially favourable
} ' 10 | 40
7 16
: 24 29
'{430}< 340> 5 44 Pai‘tially favourable
| | 28 | 55 |
{6,8,1 7}< 575> 12 55 f Unfavourable
o 15 38 ; |
15 | 38
18 | 60 |
| !




Table 12

Geometrical conditions governing growth of—{ 6,1 O,1k§ < 531 > nuclei

Nucleus Parent 0° & Comments

i6,1o,1%<'5§1> {110} <712> 12 |40 Favourable
| 12 |38
{110} <001> 18 |60 Unfavourable
{1 10%<557 > 5 {33 | Partially favourable
20 |40 -
£430%<001> 13 {43 Partially favourable
o 2647 | | |
4430¢< 6,8,17> | 10 |47 Partialiy favourable
3 |41
22 |45
26 |53 -
{430 <340> 14 |25 Favourable
| 1 7|2
{6,8,17<575> | 12 |45 UnfPavourable
19 |52 |
| 25 |43
B | 35 |72




Table 13

-
—

Geometrical conditions governing grov}th of{6 ,8,17% <575> nuclei

Comments

Nucleus Parent 5] P ©
—{js 2841 7\’5*’? 575> {1 10¢ <112°> 12] 28 Favourable
| 12 28 |
{110¢< 001> 15| 55 Favourable
{1102‘5357> 6] 34 Favourable.
16| 30
{430%< 001~ 10| 46  Favourable
16| 48
430 %< 6,8,17> | 10| 31 Partially favourable
15 44 o
18| 34
| | 31| 44 | )
'{4301‘<§40> 18| 39 | Unfavourable
o4 | 41 o
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Figure 3(a) The Siemens texture goniometer.

YIRS

Figure 3(b) Close-up viewv of the goniometer with
horizontal slit removed.
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Variation of %c{ during cold rolling of 18%Cr steels
conta:.nlng 10/, 12% and 14% Nl.
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N Fiqure 5. : .
{200}« pole figure of 18y Cr 10%Ni steel.
1 hr 1050°C, FC , 95% cold rolled.



& {i1o} (ool |

| Figure G, N
' {20033/ pole figure of 18%Cr 10%Ni steel.
1 hr 1.05000. FC, 95% cold rolled. -
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Figure 7. .
Variation of %o’ and intensities of «’ texture
_components for 18%Cr 10%Ni steel. :
1 hr 1050°C, FC, 95% cold rolled and annealed,
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o {\}10§<"55‘7> @{430}400!}‘

b $430343 40> o {6,%,03<575y

A {420} <G,8,1> | {i103<001>

X {toy<n12> o
Fiﬂ.re 9. |

{200%7{, pole figure of 18%Cr 10%Ni steel.
1 hr 1050°C. FC, 95% cold rolled + thr 500°C. AC.
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X {31(2}{?12) | - o
: Figgfe iOsb

{goongpdle Eigure of 18%Cr 10%Ni steel,
"1 nr 1050%C.  FC, 95% cold rolled + ihr 600°C. AC.
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{2003y pole figure of 18iCr 10%Ni steel, |
1 hr 105000., FC, 95% cold rolled + thr 700°C. AC.
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- Figure 12. o . |
{2001y pole figure of 18%Cr 10%Ni steel.

"1 nhr 1050°C, FC, 95% cold rolled + fhr 200°C. AC.
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Figure 13. v
Variation of % «” and intensities of Y texture components
for 18%Cr 10%Ni steel. ‘ .

1. hr 1050°C.\FC, 95% cold rolled and annealed.



‘pPoTROULUR pUR DPOTTIOL PTOD %S6 qO.m ..eOOOmO_\ au L
*T991S TNY0L J0%gl I03F sorTgoad SUTT bomm
7T oanbtd

5,00



@'ﬁ\o}<TtZ> S @ {11o}<ool”

{2003y pole figure of 18%Cr 12%Ni steel.

1 hr 105000. FC, 95% cold rolled..



A HngeaTee

- Pigure 16.
 {200%’pole figure of 18%Cr 12%Ni steel.
1 hr 1050°C., FC, 95% cold rolled.




A §22534333>

rigure 17. :
{200@{ pole Ffigure of 18¥Cr 12¢Ni steel.

1 hr 1050 °c. FC, 95% cold rolled + 4hr 900°C. AC.
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Figure 20. v
{200y pole figure of 18%Cr 14%Ni steel,

1 hr 1050°C. FC, 95% cold rolled.
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Figure 21. ) .
{QOO}y’pol_e figure of 18%Cr 14%Ni steel.
"1 hr 1050%. FC, 95% cold rolled.



A {225}(?5'53) |

Figure 22, | |
{200ty pole figure of 18%Cr 14%Ni steel.
1 hr 1050°C. FC, 95% cold rolled + thr 900°C. AC.
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Variation of %« and intensities of ) texture components
. for 18%Cr 14%Ni steel. :
1 hr 1050°C, FC, 95% cold rolled and amecaled.
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o {lilokTi2>

Figqure 25,

{200}y pole figure of 18%Cr 12%Ni 7%Co steel.
1 hr 1050°C. FC, 90% cold rolled. |



s $226}<533>

Figure 26. : : .
{2005y pole figure of 18%Cr 12%Ni 7%Co steel.
1 hr 1050°C. FC, 90% cold rolled + Zhr 900%. Ac.
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Figure 27.

Variation of %o’ and intensities of { texture components
for 18%Cr 12%Ni 7#%Co steel.

1 hy 105000. FC, 90% cold rolled and annealed.
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D {uo}zdoh

Tigure 29,

of 18%Cr 25%Ni steel.

- £200}Y pole figure

r 1050°C. FC, 90% cold rodled.

17 h



a {225)K533>

Figure 30, o , .
{2001y pole figure of 18yCr 25%Ni steel.
1 hr 1050%. FC, 90% cold rolled + ithr 900°C. AC.
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Figure 31. : ,
Variation of intensities of Y texture components for
18%Cr 25%Ni steel,

1 hr 105000. FC, 90% cold rolled and annealed,
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B fooi}<Tio>

o {1123<T10>
£ {In3<iTe>

| Fiqure 34

£200%x" gole figure of FCB steel.
1lhr 1050°C.FC, 90% cold rolled.



@ {oo1}<Tio> 6 {l12}<Tio>
s {11122 |

rigure 35

200%«¢” pole figure of FCB steel.
15 min: 1300°C V0o, 90% cold rolled.



o {10f <T12> &) {uc}<oo-t>

Figgre 36

{200}y pgle figure of RF310 stecl.
lhr 1050°C. I'C, 90% cold rolled.



Figure 37

{200@x p81e figure of'RF3lO-steel. o
lhr 1050 C. FC, 90% cold rolled + Fhr 900 C.AC.
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FPicqure 38

Variation of intensitics of *tvrc
oowponqu for RF310.: steel.,.;“
lhf 1050°C¢ FC! 90% cold rolled and annealed.
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4 (225445337

Figure 40

{200}y pole figure of RF310 steel. o
lhr 1050 C. W0, 90% cold rolled + Fhr 900 C.AC.



Figure 41

{200%y pgle figure of FST(L) steel. o
1hr 1050°C. FC, 90% cold rolled + Fhr 900°C.AC.
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Figure 42 -

Variation Of %o’ and intensities of ¥ texture components
A forlFST(L) steel. .1he 10507C.TFC, 90% cold rolled and annealed.



2,005

puR DOTTOL PTOD 05 *

*1291s (1)L

Gar

[OX

w3

JI0J

SOTTJO

. .UUHG@GWJ
m 0GOT, v
a CGHH.xONm

- €V oxabtTa



b 4225345337

ri gure 44

{20013/» pgle figure of FST(L) steel. o
1hr 10507°C. V0, 90% cold rolled + +hr 900°C. AC.



8 253455

TFigure 45

{2008y pgle figure of FSL (L) stecl. 6
lir 10507C.T'Cy 90% cOld w»olled + HHr 9007C.AC.
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Variation of %o’ and intensities of ¥ texture componcnis
for,FSL(g) steel. : :
1lhy IQSO C.I'C, S07% cold rolled and annealed.
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n{2253<533>

Figure 48 o .
{QOOZX pole figure of FSL(L) steel.
1 nr 1050°C. WQ, 90% cold rolled + & hr 900°C. AC.
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FPigure 49

Variation of %o</ and intensities of & texture components
for I'CB steel. v

1 hr 1050°C, FC, 907% cold rolled and annealed,
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0 {110}<557>
& §430}<3 40>
8 §430}46,8,11>
x {tto}<T1 2>

6 {430 }<o01> "
o {697k575>
L= {!lo%(oo'n

riqure 51
{20038y pole figure of FCE steel,
1 hr 1050°C, FC, 90¢ cold roiled + & hr 600%C. AC.
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A g&gure 52

.{QOOZX pole figure of FCB stcel.
1 hr 1050°C. FC, 90% cold rolled + & hr $00°C, AC.
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Variation of %o and intensities of ¥ texture components
for FCB steel. »

1 hr 1050°C. Fd, 803 cold rolled and annealed,
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6{225}<5 33> | |

. nky . [~
Figure 55
{2008y polc figure of FCB stesl.
. AN I T - - )
1 hr 10507°C. U, S07 cold »olled + I hr 000%c, 4C,



o {liolcTi2>

4 {2263<533>

. {IDO}<OC;[>

Ziqure 56
200}5’@010..‘?15;&?@ of FCR sticcl
15 min 1500°. FC, 907 coid roi

L]
-] - < S DY rwo 3 e
led + 5 e 20G7C, 40,
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T . 0 v A KA 22

- K. -~ 0 - e -~ - . o - .- -, .
15 mun 13007Ce w0, 90% coid xolled 4+ & hr soooco L0,
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Variation of ¥ &  and intensities of Y texture components
for LB steel, '

15 min 1300%C, WV, 90% cold rolled and annealed,
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Fiouvre 59 , :
{2008y  pole figurc of SF 347 steel.
1 nr 1050°%C, FC, 90Y cold rolied + % hr 500°C. AC,
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Variation of %«’ and intensities of Y texture components
for SIF 347 stecl,

1 hy 1Q50°C. FC, 90% cold rolled and annealed,
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@ {llof<ool>

‘Pigure 62 :
{2008y pole figure of SF 347.steecl.
1 nr 1050°C, W, 0% cold rolled +  hr 900°C. AC.
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Plgqure 63
{2003y pole figure of SF 347 steel.
15 min 1300°C, FC, 90% cold rolled + % hr 900°C. sC.
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Picqure G4 _ -
1200}y pole figure of SF 347 steel.
15 min 4300°C. ¥Q, 907 cold rolled + % hr 900°C. AC.
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Fiqure 65

Variation of #« and intensities of Y texture components
for SF 347 steel,.

15 min"'z 30000. R, 907% cold rolled and annealed.
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Flgqure GG :
{200}y ‘pole figure of FDP stecl.
1 hr 10350°C. FC, 90} coid rolled + & hr 900°C, AC.
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Variation of %« and intensities of ¥ texture components
for FDP steel., - '
1 hw 1050°C. FC, 90% cold rolled and annealed.
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Ficure 69 .
{200}y pole figure of FDP stecl, .
1 hr 1050°%C. W0, 507 cold roilled + % hr 900°C. AC,
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Figqure 70 ‘ , :
'{aoogx‘pole figure of FDP steel. | ,
15 min 1300°C. FC, 90% cold rolled + % hr 900°C, AC,
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Fiqure 71

{2008y pole figure of FPP steel.
15 min 1300°C. W0, 90% cold rolled + & hr $00°C. 4c.
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Veriation of %o and intensities of [ texture components
for FDP steel, '
15 min 1300°C. ¥Q, 90% cold rolled and anncaled.
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Figure 73 | .
{2008y pole figure of FIB stecl. |
1 hr 1050°C, FC, 903 cold rolled + % hr $00°%C. 4AC.
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Variation of %o and 1ntcn°111e" of texture components
for FIB vtecl.

1 Lr 1050°C, FC, 90% cold »olled and annealed,
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Fiqure 76
{200}y pole figure of FUB stcel.
1 br 1050°%C. ¥Q, 90% cold rolled + % hr 900°C. AC.
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Fiqure 77 -
{200y polc figure of FIB stecl,
15 nan 1300°C, I'C, 903 cold rolled -+ 2 hr 900%., AC.



a
i

AR‘; 7
- w {10} <ool

L 2254533

Figqure 78 ,
{200}y ‘pole figure of FUB steel. | |
15 min 1300°C. W0, 90% cold rolled + % hr 500°C. AC.



¢ {110} <7125 | '{noggoo‘l’:’
s 225445332
Figuro 79

{200y pole figure of TIB Ti steel,
1 hr 1050°C, FC, 907 cold rolled + % hr $00°C. 4C.
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Figure 80 .

‘ A /- . .o -
Variation of %« -and intensities of Y texture compononts
for FIB Ti steel., ' '

1 hr 1050%, FC, 90% cold rolled and annealcd,
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‘Figure 82 | S
{200}y pole figure of FMB Ti stecl,
1 hr 1050°C. W2, 90} cold rolled + % hr 900%C, AcC.
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Fiqure 83 |
{200%3( pole figure of FIB Ti steel.
15 min 1300°C, FC, 90% coldroiled + % hr 500°C., AC.
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{200}2{ pole figure of FMB Ti steel, . .
15 min 1300°C, ¥Q, 90% cold rolled + & hr 900°C. AC.
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Figure 85 :

{200}’ pole figure of 18%Cr 10%Ni steel.

1 hr 1050°C. FG, 90% cold rolled at ~ -196°C.
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ﬁigure'86
{2008 poie figure of FCB steel.
1 hr 1050°C, FC, 90% cold rolled at ~ —196°C.
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“'Figure 87
{200}{ pole figure of FCB steel, , v
1 hr 1050°C, FC, 903% cold rolled at ~ ~196°C 2 hr 900°c. AC.
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Variation of % et and intensities of K'texture conponents
for FCB steel,

1 hr 1050°C. FC, 90% cold rolled at ~ -196°C
and annealed, . -
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Hardness curves for RF 310 steel.
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Hardness curves for FSL(L) steecl.
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Figure 91
Hardness curves for FST(L) steel.
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Figure 92(a)
Hardness curves for FCB steel.
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Hardness curves for FCB steel.
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Hardness curves for SF 347 steel.
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Figure 94(a)
Hardness curves for IDP steel.
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Figure 94(D)
Hardness curves for FDP stecel.,
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Hardness curves for FI'B steel.
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Hardness curves for FIMB stecl.
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Hardness curves for FMB Ti steel.
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Figqure 97

Figure 98
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' X 1000

Optical micrograph of FSL(L) stecl.
1 hr 1050°C, ¥Q.

Optical micrograph of I'DP steel.
1 hr 1050°%. rC.




¥ 1000

Figqure 99  Optical micrograph of FlB steel.
1 hr 1050°C. FC,



X 100,000

Fiqure 100 Blectron micrograph of IF 310 steel.
1 hr 1050°C. FC, 90%CR + % hr 600°C. AC.




Figure 101

Electron micrograph of
1 hx 1050%C. FC, SOYCR

Figqure 102

Blectron micrograph of
1 hr 1050°C, FC, 90%CR

R
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X 35,600

310 steel.
% nr 900, Ac.



Figqure 103 Blectron micrograph of FCB steel.
1 nr 1050%C. FC, 90%CR + & hr c00°Cc. 4c.

Figqure 104 Electron micrograph of FCB steel,
1 hr 1050°C, FC, 9OYCR + % hr 700°C. AC.
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I"iqure 105 Electron micrograph of FCB steel.
1 nr 1050°C. FC, 90/CR + % hr 800°C. AC.
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Figqure 106 Electron micrograph of FCB steel.
1 hr 1050°C. FC, 907 CR + & hr 900°C. AC.
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Fiqure 107 Electron micrograph of FIMB steel,
1 hw 1050°C, FC, 907CR + % hr 800°C. AC.
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Fiqure 108 Llectron micrograph of FIB steel.’
1 hr 1050°C. FC, 90YCR + % hr 900°C. AC.




Figure 109

_f Positions of'{joozk/,poles after traansformation from
{pof%<f71o>a’according to the Iurdjumov-Sachs orientation
- relationship. |
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‘Figure 110

Fositions of {100}y poles after transformation from
§j112<:57223’according to the Kurdjumov-Sachs orientation
‘relationship. - '



Figure 111 ‘ -

Positions of {1003}( poles after transformation from
{1123 <110>¢”according to the Kurdjumov-Sachs orientation
relationship, '
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APPENDIX.
Ihe Significance of Texture Perameters in Phase Anelysis by Xeray

- Difiwection. {J.appl.Cryst. 2(1969)176].

Tﬁe theory of the direct compa&ison X-ray ncthod of phese

- enelysis is extended to correct for preferred orientation effects.
Texture pearameters are defined to assess the type and intensity of
preferred orientation using data from diffractometer petterns.

The enalysis is illustrated with results obtained on three austenitic
stainless steels,

Introduction

In the quantitative phase: analy;is of polycrysitalline maeteriels,
& method widely used is that of directly comparing the integrated
intensities of diffraction lines from each phase in the nixture.
This method hes a distinct advantage over other methods in that
it does not rcquire & set of calibration samples, end is therefore
preferred for conditions where it would be difficult to,obtaiﬁ e
series of standards. Deteils of the method, as applied to rendonly
oriented polycrystalline specimens, are firnly established, and
the present work considers an extension of the theory,to correct
for the presence of preferred orientation.

The effects of preferred orientation in phase analysis by
this technique have been considered previouslyv(Arnell, 1968;Durnin
and Ridel, 1968). These workers considered only relatively low
degrees of preferrcd orientation and their conclusions will be.
referred to later in this paper, In the present work, the effotfs
of extremely high degrees of preferred orientation, which arise
during the heavy cold rolling of metels and alloys, eare to be
considered., This is inmportent in certain austenitic stainless steels
in which cold working cen ceuse strain-induced transformetion of
face centred cubic austenite (X),to.dﬁartensite [effectively body
centred cubic (Dickson and Green,_1969)], with the :esﬁlt that
increasing amount of the martensite phase is accompanied by increasing
intensity of preferred.orientation in both phases.

The theory of the technique is given with respect to & mixture

of two pheses, X and 6, but is theeretically valid for any number



of pheses, the only linitations being the practicel difficulties.
Theory ,
The intensity &iffracted'ﬁy e single;phase spebiﬁén in e

. diffractometer may be cxpressced &8s

e @

vhere - '
I = integrated intensity per unit'length of diffraction line
I,= intensity of incident been ' '

e = cherge on the electron

nass of “the electron

e
]

= velocity of light

= wevelength of incident radietion

= radius of diffractoneter circle
crosc-sectional ares of incident beam

= volume of the unit cell

HoOog e H S 0
8

= structure factor
= multiplicity
= Bragg engle

o]
,Lq?

e = tempersture factor

M = linear sbsorption coefficient . ‘
This equation can be applied to a spccimen, either a powder compact
or a‘solié,~vhiCh;contains a completely random arrangement of
crystals,-and is‘effectively‘of infinite thickness.

Equetion (1) cen be re-written as

I‘==_K_IL _ ) . . ‘ . ’ (2)
2 ‘ | ~ o S
where K = ( Ioe“') (')\BA ) T (3)
e ¥/ \ 321>

and R =( 1 ) \FWZP(1+009229 ﬂ (e-2M> ’ | o (4)
E v sin’P cogh - - |

K is how a constent vhich is indepehdent'of the nature of
the specimen while R is e fector which depends on § , the reflecting
set of planés énd‘tho crysfdl structure of_thc specinen. |

Thﬁs, in & nixture of two phases,p{end_{,



Tnkle” FRuii~Co | | | (5)
"’//{A\‘\\

where € . is the volume fraction ofo(phase,gIhqu is the measured
inﬁegrated intensity, and’/ﬂmis the linear ébsorption_coefficient;
of the nixtures

Since there will be 2 sinileor equation for Ihkly y it follows

thet

im;lo( = zhklo(,gx

chklyp o Fhkly. Uy

ices Oy = Inpyp Bnkdx . ‘ C(6)
%« Tnkdw Rukly L

Hence by obteining the integrated intensities of & diffraction

line from each phase, % is o‘btained, and since chﬁcog =1 )

Con=__1. , . ' : | «(n
(1+ Cp/Cx) o | B |
and Cy = Cx/CO’ | - (8
|+ CT/tH

Velues ofCK/Q<obtazned from diferent pairs of llnes should
be constent within the lirits of e: per:mentai error, and normully on
U\,‘(t
(1§L$ iculated. Strictly speeking a direct couparlson of integrated
intensities in this nanner is velid only for a coupletely random
oricentation of crystels in ecach phese. Slrnmflcant v rlatlons 1n
the ratio are a2 direct indication of an;sotropy end the average
velue of & number of such individuel determinetions is therefore
no longer valid, especially for high degfces of preferred orieﬁf&tion.
The correét equation for sunmation of inteﬁsity rgétiqs frbﬁ

2 number of reflections may be deduced as follows:

O N s
‘ F'thlo’
= K/{Tna o
\Rhkl  / - |
, .
= K , 1 Z‘W(}_x) - | (9
Nof 0 Rx / . , ’ ; -

vherg (\ = number of x reflections considered.

— Oy
LS (,_h”
Hence Cy = Ny <o \ R
Cy | ‘2509§< §¢x>
Ny o X./

(o)



Ge

Ideally this summation should be cerried out over s lerge &
number of reflections ag possible, but in practicc the accuracy
will depend upon reflections which are aveilasble for measurcment
ond on the intensity .of preferred orientation, e.,g. if there is &
high proportion of {ﬁkl} plenes parellel to the specinen plene
and & Bragg reflection is not measurable from these planes, then
the omission in equation (10) bf datd for this set of plenes could
cause & high error in the value(%%;z On the other hend, depending
on the type of preferre& orientation which is present, or with low
degrees of preferred orientation, e feirly sccurste value of CX/%&
nay be obteinable from only a few reflections.

90 aéééés:thektype end intensity of preferred oriphtation,
e textufg paramefer,’P, car be caleulated from vaiues'bf.Ihkl and
Rhkl. It is defined as |

IThkily/Bhklo -
P ~ f HA - . .
o0

where P >1 shows that the {hkl} planes are preferentially
oriented p&railel th the plane of seciion.
P < 1 shows that such plancs are preferentieally evoided
P = 1 corresponds to random orientation.
For n =°@)?\\\Q{§zs proportionel to the volume fraction within the o«
phese of {hhlgxplanes which are oriented paresllel to the plane of
section,

A slightly different texture parasneter, P%*, may be delined as

- Inkl/Ruklo .
PHppl = 5
* EEAIGE (1/my) (2)

For nu=a0, P%ﬁkld is proportional to the volume fraction within.
the whole specimen of éﬁklﬁ(planes which are oriented parallel to
the plane of section. For 100fx ,P¥hkl = Phkl, IR equations (1)
and (12), finite values of n will not alter the significence of the
parenctexrs provided that n is sufficiently large to include ell
najor componerts of the texture, and also represents a statisticel

coverage of sll possible orientations.



Combining equations (11) end(12) gives

Ppil « =_Cy <1 :
1
P¥pri O (13)

Equation (13) inmplies that the ratio Ppri. Bhould be constant
for all o reflectiomns. - P*hhl

Sinilarly, for the ) phase,

Phkly_ = 1 + Oy
RIS Y cy (14)

and from equations (13) and (14)
Ly “P*hh)r Phl’lo(
Cx  Puki,Phrry (15)

The accuracy of results cen easily be choc?ed since it can be shown
that Ny
S, Py ot

and for n=ny,

Not+ 0y P - A
> "= e =0y (17)

0
It pay be noted that,in equation (11), R ,cen be replaced by line

(16)

intensities measured from & randonly oriented samplé, not ngcess;
arily of 100%c,This is because Phkly , &5 defined by equatien (11),
is corrected for non-texturel differences, such as grein size and
volume fraction of phasey between the random scnple and the textured
sanple. However, in equation (12), R aund R )y cannot be replaced

by experimentelly determined randowm intensitics unless the latter
erc obtained under identical experimental conditions ond in the
absence of such non~texurel differcnces,

Bxperinental

The materisls used were high purity 18%Cr/104ni, 18%Cr/12%Ki
and JCr/14oN1 steinless steels which werc austenitic after annealing.
These conpositions cover & range of austenite stability and hence
different phase nmixtures vere obtainable for the same emount of
cold rollinge. To develop a strong preferred oricntation, samples
were cold rolled to 93% reduction in‘thickncss.

Preparation of specimens for X~ray exaninetion consisted
of grinding to grade 400 silicon carbide paper followed by etching

for 1 minute in a boiling solution of 5%HH03/30% HC1/65% vater.



6.

Automatically recorded difffactionfpatﬁerns were obteined with
¥oK, radiation, '

Because of . the lattice parametersof the two phases, [ab/e
3 59 Q uO( = 2,87 K (DichSOn and Green, 1969ﬂ certein reflections
occur ai glmqgt the same Braegs angle, i.ce. 1100<and 111X~’-222“
and 3315”"”he reletive intensities of thesc lines were obtained
by a peak beperqtzon analy81s. The reflections 310y and 4006falso
overlap, but in each steel after 93¢ reduction the 400{ reflection
could be e;zmlnated by the’ absence of the 2005*refloctlon.

Results and Discussion

The experimentel values of I/R ere shown in Teble 1, the
reflections being numbered in order of incresading Bregg engle.
Data for higher order reflections such as 222y 3400 xy 4220 and
400« are not included since the informetion obtainable from thesc
- reflections is merely the same as thet from the lower orders.

The results clearly demonstrote the inapplicebility of
equation (6) under the extreme conditions cxhibi%ed hv,thcué sanplcess
substitution of different I/R velues in equetion (6) gives results
ranging from Cb’-o to 05 =100p. The use of reflections nhzch heve
& high nultipiicity factor, e.g. 311{ nnd 211« 5 5%ill gives Ga*:O o
for the 187 Cr/10pﬁ1 and 18pCr/123h1 steels. For the 185%Cr/14%Hi
steel, 06'= 21,0p by +this method, which is very low when,summations
ere considered, The validity of the assumption mede by Durnin and
Ridel (1968), that the intensity of such.reflections is insignificently
affected by preferréd orientation reall# depends on the type and
intensity of preferred orientetion in the sample, and large crrors
could arisc by naking this assumption without knowing'the histoxy
of the sanple. ‘

Before meking any sinple corparison of I/R values, it is
importent to assess the presence or absence of preferred orientation,
This can be done by determining a normel pole figure or by ceguleting
texbture perameters from I/R values. The paramefcrs nay be expressed
as an inverse pole figure although this is not neccssary.

Calculeted texture parameters for the threc senples are shown



{e
in Taebles 2, 3 and 4 for e range of values of n, and hﬁf. These
results illusirete the importance of obteining date from as large
a nunber of reflections as possible in order to obtain a true picture
of the type end intemnsity of preferred orgentation. Provided that
n is large enough, there is good agreement between these P values
and the texture coiponents deteruined from normal pole figures
(Dickson and Green;1969). Such agreement mey not always be obtained
since it depends on there being measurable Bragg reflections which
correspond to the main conmponents of the texture.

Arnell( 1968) essuned that the first three reflections of
austenite and martensite give a representaetive picture of the effect
of preferred orientation. Although this is useful practical assumption
for low cegrees of preferred orientation, it is not generally true
and its validity willdepend entirely on the type and intensity of
the preferred orientation, The P velues in Tebles 2, 3 and 4'illustrate
this point, e.g. for thg 18%Cr/10%ﬁi steel, comnsidering n =3 onits
data for the 222, end 3313/ reflections and gives a false sei of
texture paramnecters. '

Values of P*¥ for n = 7 eare also given in Tables 2, 3 end 4
and the ratio P/P* is found to be constant for each phase, according
to the theory [equations (13) ana (14i]. ‘

The paramneter P* is more useful when attenpting to relate
properties to preferred orientation. For the 18%Cxr/i0/Ki steél for
exenple, the P velues indicate & very narked preferrcd orientation
in both pheses, but the P¥*¥ values for thé sustensite are <1, which
means that directional properties would be inflﬁencegAbf)the texture
of the mertensite. By contrast, the properties of the 18%@2/14¢Hi
steel would be influenced largely by the texture of the austenite.

Teble 5 shows the calculated values of Cy () for different
combinations of ng, and Dy . Large errors can arise by considcring
to0 small a number of reflections or by failing to include date
for all major components of the texture. Thus, for all the sanples,
provided that ny = n6>4, CK renains constent., The limits of accurecy

of the enalysis, excluding experimental error, have been assessed



Ue

by considering the result fer (say)'nd =.n54a 6 together with the
resultsifor Ny = T, n8,=6 and no(=6, n{.z 7. This gives the following
results: o . .

1850/ 10761 steel, Cy = 13.7% +

187.cx/12%51 steel, Cf = 67.5% % 3.5%

18%?r/14%ﬁi steel, Cy = 95.9%.t;o.7%

2,0

In general, it is simply necessery to use values of ny and ny
vhich include all major components of the texture together with e
valance of orientetions wvhich are preferentially avoided. In the
samples studied; n, = ny = 5 satisfies this condition, so thei QT
remeins constant for ny = ny>4, This vglugkofVCX is the most accurate
- one obtainable by the anelysis. It is usefuvl to note that for the
type of preferred orientation which occurs in‘these‘steels,.considering
n, = ng = 3 gives results which lie within the above limits, and
therefore, as e time saving, only these reflections nced be considered
in phase analysis of semples which exhibit sinilar textures.
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Teble 5, Phase snalysis results using equation (10)

Yolume fraction
of zustenite (%)

n - 187Cr10%Ki 185.cx/12¢wi - 485Cr/144m4
steel steel ~ sptecl
2 2.0 - 568 ' 876
5 12:4 69.7 - 9540
4 1244 . 69.7 .. 9541
5 138 A 675 95.9
-6 13:7 ST 675 . ‘ 95-9
T

13.7 675 . 959



